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E X E C U T I V E  SUMMARY 

The Army's p lanned  new f a m i l y  of s c o u t - a t t a c k  h e l i c o p t e r s ,  t h e  LHX, w i l l  be 

d e s i g n e d  t o  f l y  nap-of - the-ear th  m i s s i o n s  under  c o n d i t i o n s  of poor  v i s i b i l i t y  

and a t m o s p h e r i c  a d v e r s i t y ,  p e r h a p s  w i t h  a one-person c r e w .  

The p i l o t i n g  demands l i k e l y  under  t h e s e  c o n d i t i o n s  r a i s e  two human f a c t o r s  

i s s u e s  c r i t i c a l  t o  success of t h e  LHX m i s s i o n :  

1. How s h o u l d  t h e  LHX i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  be d e s i g n e d  t o  

o p t i m i z e  t h e  c o m p a t i b i l i t y  w i t h  t h e  p i l o t ' s  i n f o r m a t i o n  h a n d l i n g  capa-  

b i  1 i t  i e s?  

2 .  What i n f o r m a t i o n  p r o c e s s i n g  f u n c t i o n s  w i t h i n  t h e  LHX system s h o u l d  b e  

automated i n  o r d e r  t o  e n s u r e  t h e  p i l o t ' s  menta l  workload under  high-  

stress c o n d i t i o n s  remains  w i t h i n  a c c e p t a b l e  l i m i t s ?  

R e s o l u t i o n  of t h e s e  i s s u e s  w i l l  be  d i f f i c u l t  because  t h e  LHX's m i s s i o n  and t e c h -  

n o l o g i e s  e x t e n d  w e l l  beyond t h o s e  wi th  which t h e  m i l i t a r y  and human f a c t o r s  

e n g i n e e r i n g  communit ies  a r e  f a m i l i a r ,  t h e  s y s t e m ' s  m i s s i o n  h a s  y e t  t o  be f u l l y  

d e f i n e d ,  and t h e r e  are no r o t o r c r a f t  p i l o t s  e x p e r i e n c e d  w i t h  t h e  demands o f  

f l i g h t  and m i s s i o n  management w i t h i n  t h e  sys tem.  As a consequence ,  human 

f a c t o r s  e n g i n e e r i n g  of t h e  system cannot  r e l y  on e x t a n t  knowledge of  t h e  work- 

l o a d  demands of  r o t o r c r a f t  p i l o t i n g .  A new approach  i s  r e q u i r e d .  

.. . 

Bio-Dynamics recommends a seven-s tep  a p p r o a c h  t o  t h e  a n a l y s i s  and r e s o l u t i o n  

o f  t h e  LHX p i l o t  workload problem. Two key c o n s i d e r a t i o n s  u n d e r l i e  t h e  

a p p r o a c h .  F i r s t ,  v a l i d  a s s e s s m e n t s  of workload  and au tomat ion  o p p o r t u n i t i e s  
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within the LHX system can only be achieved t111-ough use of a physical model 

(simulator) of the system so that objective performance measures can be acquired 

to substantiate subjective judgements. Second, due to the enormous cost of high 

fidelity simulation in this field, the development and use of easily modifiable, 

low-cost computer simulations -- to identify the most effective modes/forms of 

information presentation and control capability to incorporate into the high 

fidelity simulator -- must be an essential aspect of the proposed solution. 

The seven steps entailed in the proposed program are as follows: 

SteD 1f ExDert elicitation 

The objective of expert elicitation within the present approach is to gain from 

experienced pilots a detailed picture of the information gathering and control 

activities associated with flight and mission management within each of a set 

of representative L H X  mission scenarios. Of specific interest is information 

on the procedures, (likely) task concurrencies, task priorities, performance 

criteria, and modes of information representation governing the pilot's per- 

formance to be used during subsequent steps to identify 1) the most important 

pilot information gathering and control functions to focus on during simulator 

construction, 2) alternative modes/forms of information presentation and control 

to simulate and analyze, and 3 )  performance measures to be used during the 

conduct of this analysis. 

Step 2: Principled Analysis of Elicitation Data 

The objective of this step is to perform an analysis that will identify the 
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information gathering and control functions needed for incorporation into simu- 

lator design, to identify alternative modes/forms of these functions to model, 

and to comparatively evaluate within the simulator the tasks and performance 

measures to be used during task evaluations. 

The analysis would incorporate the following information, acquired during Step 

1: 

a. 

b. 

C. 

d. 

a specification of each of the pilot tasks identified within the 

scenarios studied, including the information needed and action required 

to complete the task successfully; 

a listing of all (likely) task concurrencies; 

the key performance criteria (error, timing or latencies tolerances) 

associated with each task under each of its various concurrencies; 

the relative priority of each constituent task for concurrent tasks. 

These relationships and the principles of cognitive and human factors psychology 

that can be brought to bear on them, would define a set of constraints to serve 

as critical design criteria during efforts to identify alternative modes/forms 

of information presentation to be simulated during project Step 3. 
.. . 

Step 3 :  Development of Low-Cost Simulations 

The objective of Step 3 is to produce computerized simulations of the alterna- 

tive means of information presentation and control emerging from the Step 2 

analysis. Because these simulations will be used to comparatively evaluate the 

alternatives specified during Step 2, they must include the capacities to: 

a. score task performance along the critical performance dimensions 

identified during Step 1; 
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b. f l e x i b l y  combine t a s k s  t o  form t h e  c o n c u r r e n c i e s  i d e n t i f i e d  i n  S t e p  

1; 

c. f l e x i b l y  combine t h e  i n f o r m a t i o n  p r e s e n t a t i o n  and c o n t r o l  a l t e r n a t i v e s  

s p e c i f i e d  i n  S t e p  2 t o  v a r i o u s l y  c o n f i g u r e  e a c h  t a s k  s t u d i e d .  

S t e p  4 :  Tes t  S u b j e c t s  on Low-Cost - S i m u l a t i o n s  -___ 

The o b j e c t i v e  of S t e p  4 i s  t o  e m p i r i c a l l y  compare t h e  i n f o r m a t i o n  p r e s e n t a t i o n  

and c o n t r o l  a l t e r n a t i v e s  i d e n t i f i e d  i n  S t e p  2 .  The r e s u l t s  of  t h e s e  c o m p a r i s o n s  

w i l l  be a n  i d e n t i f i e d  s e t  of  i n f o r m a t i o n  p r e s e n t a t i o n  and c o n t r o l  modes/forms 

y i e l d i n g  t h e  most e f f e c t i v e ,  s i n g l e  and c o n c u r r e n t  t a s k  per formance  ( a s  d e f i n e d  

by t h e  s i n g l e  and d u a l  t a s k  performance c r i t e r i a  i d e n t i f i e d  i n  S t e p  1) among 

t h o s e  a l t e r n a t i v e s  c o n s i d e r e d .  The type  o f  i n f o r m a t i o n  b e i n g  sought  i n  t h i s  

s t e p  i s  of t h e  form,  "performance on t a s k  c o m b i n a t i o n  A and B i s  b e t t e r  when 

t a s k  A i n f o r m a t i o n  is p r e s e n t e d  i n  mode X as opposed t o  Y o r  Z". However, s i n c e  

t h e  s i m u l a t i o n s  p r o d u c i n g  t h e s e  r e s u l t s  w i l l  n o t  be h i g h  i n  f i d e l i t y ,  i t  i s  

i n a p p r o p r i a t e  t o  draw c o n c l u s i o n s  about a b s o l u t e  l e v e l s  of  per formance  from 

t h e s e  low-cost s i m u l a t i o n s  r e q u i r i n g  a d d i t i o n a l  s t e p s .  

.. . 

SteD 5: C o n f i e u r a t i o n  o f  H i a h - F i d e l i t v  S i m u l a t i o n  

The o b j e c t i v e  o f  S t e p  5 i s  t o  implement t h e  o p t i m a l  s o l u t i o n s  i d e n t i f i e d  i n  S t e p  

4 as components i n  a h i g h - f i d e l i t y  s i m u l a t i o n  t h a t  c a n  be used  f o r  e v a l u a t i o n  

of a u t o m a t i o n  n e e d s  w i t h i n  t h e  LHX system. The assumpt ion  u n d e r l y i n g  t h i s  s t e p  

i s  t h a t  n e i t h e r  s u b j e c t i v e  judgments drawn from p i l o t s  whose e x p e r i e n c e  i s  i n  

h e l i c o p t e r  sys tems o t h e r  t h a n  t h e  LHX, no r  a n a l y s i s  b a s e d  on t h e  a p p l i c a t i o n  

of p s y c h o l o g i c a l  p r i n c i p l e s  t o  judgmental  d a t a  e l i c i t e d  from e x p e r t  p i l o t s ,  i s  

s u f f i c i e n t  a p r i o r i  t o  produce  sound d e c i s i o n s  r e g a r d i n g  a u t o m a t i o n .  The most 
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v a l i d  p r o c e d u r e s  f o r  d e t e r m i n i n g  which LHX p i l o t  f u n c t i o n s  t o  a u t o m a t e  a r e  t h o s e  

b a s e d  on a n a l y s i s  of t h e  performance and s u b j e c t i v e  judgments of p i l o t s  func-  

t i o n i n g  w i t h i n  an implemented sys tem whose workload demands s i m u l a t e  t h o s e  

a n t i c i p a t e d  w i t h i n  t h e  LHX i t s e l f .  

S t e p  6:  Performance T e s t i n g  i n  B a s e l i n e  LHX S i m u l a t o r  

The i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  of t h e  s i m u l a t o r  c o n f i g u r a t i o n  d e v e l o p e d  

i n  S t e p  5 w i l l  s e r v e  a s  a b a s e l i n e  s u i t e  i n  t h e  s e n s e  t h a t  it w i l l  c o n t a i n  no 

au tomated  p i l o t  f u n c t i o n s .  The o b j e c t i v e  of S t e p  6 i s  t o  conduct  p e r f o r m a n c e  

t e s t i n g  w i t h  s k i l l e d  p i l o t s  t o  g a t h e r  performance d a t a  and e x p e r t  judgments  t h a t  

c a n  be used t o  g u i d e  d e c i s i o n s  on au tomat ion .  I f  s k i l l e d  h e l i c o p t e r  p i l o t s ,  

r e a s o n a b l y  t r a i n e d  on t h e  b a s e l i n e  s i m u l a t o r ,  f a i l  t o  per form t h e  c o n s t i t u e n t s  

of a s e t  of c o n c u r r e n t  t a s k s  w i t h i n  s p e c i f i e d  t o l e r a n c e s ,  t h e n  some member(s) 

of t h e  c o n c u r r e n t  s e t  must be c o n s i d e r e d  f o r  automation.  

S t e p  7 :  M o d i f i c a t i o n  and Re-eva lua t ion  o f  t h e  LHX S i m u l a t o r  

Based on  per formance  d a t a  and p i l o t  a s s e s s m e n t s  ( S t e p  6 )  and t e c h n o l o g i c a l  

f e a s i b i l i t y ,  c e r t a i n  p i l o t  f u n c t i o n s  i n  t h e  b a s e l i n e  s i m u l a t o r  w i l l  be 

"automated" f o r  f u r t h e r  s t u d y  u s i n g  a m o d i f i e d  s i m u l a t o r .  S k i l l e d  p i l o t s  w i l l  

be t e s t e d  on t h e  up-graded s i m u l a t o r  t o  d e t e r m i n e  whether  o r  n o t  the  a u t o m a t i o n  

p r o d u c e s  a c c e p t a b l e  l e v e l s  of performance.  Based on t h e  r e s u l t s  of t h i s  e v a l u -  

a t i o n ,  f u r t h e r  system r e f i n e m e n t  w i l l  be c a r r i e d  o u t  as n e c e s s a r y .  
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I. 1NTRODUCTION 

1.1 Overview 

The Army's f a m i l y  of l i g h t  s c o u t - a t t a c k  h e l i c o p t e r s  (LHX), p l a n n e d  f o r  de- 

ployment i n  t h e  1 9 9 0 ' s ,  w i l l  f l y  nap-of - the-ear th  ( N O E )  m i s s i o n s  i n  h i g h  

t h r e a t  envi ronments ,  o f t e n  under p o o r  v i s i b i l i t y  and a d v e r s e  a t m o s p h e r i c  

c o n d i t i o n s ,  and p r o b a b l y  w i t h  a one man c r e w .  The obvious  c o m p l e x i t i e s  

of f l i g h t  and m i s s i o n  management under  t h e s e  c o n d i t i o n s  r a i s e  two human 

f a c t o r s  i s s u e s  t h a t  a r e  c r i t i c a l  t o  s u c c e s s  of t h e  LHX m i s s i o n :  

1.  How s h o u l d  t h e  LHX i n f o r m a t i o n  d i s p l a y f c o n t r o l  s u i t e  be d e s i g n e d  

t o  o p t i m i z e  i t s  c o m p a t i b i l i t y  w i t h  t h e  i n f o r m a t i o n  h a n d l i n g  

c a p a b i l i t i e s  of t h e  p i l o t ?  

2. What i n f o r m a t i o n  p r o c e s s i n g  f u n c t i o n s  w i t h i n  t h e  LHX sys tem s h o u l d  

be au tomated  i n  o r d e r  t o  e n s u r e  t h e  p i l o t ' s  m e n t a l  workload  under  

h i g h - s t r e s s  c o n d i t i o n s  remains  w i t h i n  a c c e p t a b l e  l i m i t s ?  

Bio-Dynamics' o b j e c t i v e  f o r  t h e  p r e s e n t  s t u d y  i s  t o  d e s c r i b e  a p r o c e d u r e  

f o r  t h e  a n a l y s i s  of  p i l o t  workload t h a t  w i l l  i d e n t i f y  and e x p l i c a t e  t h e  

demand c h a r a c t e r i s t i c s  of t h o s e  LHX m i s s i o n  components h o l d i n g  o v e r l o a d  

p o t e n t i a l .  A major  c la im i n  t h e  p r e s e n t a t i o n  t h a t  f o l l o w s  i s  t h a t  a p r i n -  

c i p l e d ,  in -depth ,  e x p l i c a t i o n  of t h e  c o g n i t i v e  demands of LHX p i l o t i n g  i s  

e s s e n t i a l  t o  any e f f e c t i v e  e f f o r t  t o  a d d r e s s  t h e  human f a c t o r s  i s s u e s  

l i s t e d  above. Two p r e v i o u s  s t u d i e s  have  a d d r e s s e d  t h e s e  i s s u e s ,  one by 

Honeywell ( 1 9 8 2 ) ,  t h e  o t h e r  by P e r c e p t r o n i c s  (1984) .  While t h e  s o l u t i o n  

m e t h o d o l o g i e s  a d v o c a t e d  i n  t h e s e  two s t u d i e s  have much t o  recommend i n  

t h e i r  t r e a t m e n t  of t h e  demands of p i l o t i n g ,  t h e y  f a i l  t o  a c h i e v e  t h e  l e v e l  

of  d e t a i l  needed t o  map t h o s e  demands e f f e c t i v e l y  i n t o  e s t a b l i s h e d  know- 
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l edge  and p r i n c i p l e s  of human i n f o r m a t i o n  p r o c e s s i n g .  As a consequence ,  

n e i t h e r  approach h a s  succeeded i n  t a k i n g  f u l l  advantage  of t h e  d a t a  and 

u n d e r s t a n d i n g  a v a i l a b l e  i n  t h e  f i e l d s  of c o g n i t i o n  and human per formance .  

The f o c a l  aim of t h e  c u r r e n t  e f f o r t  i s  t o  d e s c r i b e  a t a s k - a n a l y t i c  proce-  

d u r e  t h a t  w i l l  y i e l d  t h e  d e t a i l  and o r g a n i z a t i o n  needed t o  a c h i e v e  t h i s  

mapp i n g  . 

Bio-Dynamics' c u r r e n t  e f f o r t  paves t h e  way f o r  a m u l t i p l e  s t e p  approach  

t o  t r e a t  t h e s e  mis s ion  c r i t i c a l ,  p i lo t -mach ine  i n t e r f a c e  and au tomat ion  

i s sues .  S e v e r a l  v a r i a n t s  of t h e  s u g g e s t e d  approach  a re  imag inab le .  One 

v a r i a n t  i s  a s  fo l lows :  I n i t i a l l y ,  e x p e r t  p i l o t  o p i n i o n  on p r o j e c t e d  LHX 

f l i g h t  and mis s ion  management i s  i n t e g r a t e d  w i t h  r e l e v a n t  p r i n c i p l e s  of 

c o g n i t i v e ,  human per formance ,  a n d  human f a c t o r s  psychology t o  d e f i n e  a 

p l a u s i b l e  s e t  of a l t e r n a t i v e  i n f o r m a t i o n  p r e s e n t a t i o n  and c o n t r o l  modes/- 

forms f o r  f u r t h e r  e v a l u a t i o n .  These a l t e r n a t i v e s  a r e  t h e n  implemented as 

modular  components i n  a r e l a t i v e l y  low-cost ,  compute r - con t ro l l ed  s i m u l a t o r .  

The s i m u l a t e d  a l t e r n a t i v e s  a r e  c o m p a r a t i v e l y  e v a l u a t e d  w i t h  r e s p e c t  t o  t h e  

q u a l i t y  of o p e r a t o r  per formance  o b t a i n e d .  The modes/forms of i n f o r m a t i o n  

p r e s e n t a t i o n  and c o n t r o l  y i e l d i n g  t h e  most e f f e c t i v e  u s e r  per formance  a re  

t h e n  implemented w i t h i n  a h igh  f i d e l i t y  b a s e l i n e  s i m u l a t o r  c o n t a i n i n g  o n l y  

b a s e l i n e  l e v e l s  of au tomat ion .  O b j e c t i v e  per formance  measures  and 

s u b j e c t i v e  r a t i n g s  t a k e n  from p i l o t s  t e s t e d  i n  t h e  b a s e l i n e  s i m u l a t o r  a re  

t h e n  used t o  de te rmine  t h e  need f o r  a d d i t i o n a l  au tomat ion  w i t h i n  t h e  simu- 

l a t o r .  The performance and s u b j e c t i v e  r e a c t i o n s  of p i l o t s  i n  t h e  r e s u l t i n g  

(computer  augmented) s i m u l a t o r  would t h e n  s e r v e  t o  g u i d e  f u r t h e r  r e f i n e -  

ments .  The end p roduc t  i s  c o n c e p t u a l i z e d  as  an e m p i r i c a l l y  v a l i d a t e d  model 

f o r  LHX i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  d e s i g n  and sys tem au tomat ion .  
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Two key c o n s i d e r a t i o n s  under1 i e  Lh i s  approach  and any p l a u s i b l e  v e r s i o n .  

F i r s t ,  Bio-Dynamics b e l i e v e s  t h a t  v a l i d  a s s e s s m e n t s  o f  workload and of 

au tomat ion  o p p o r t u n t i e s  w i t h i n  t h e  LHX sys tem c a n n o t  b e  a c h i e v e d  i n  t h e  

absence  of a p h y s i c a l  r e a l i z a t i o n  ( s i m u l a t o r )  of t h e  sys tem w i t h i n  which 

b o t h  s u b j e c t i v e  judgments  and o b j e c t i v e  performance measures  c a n  be  t a k e n .  

Second, t h e r e  i s  a n  enormous c o s t  o f  h i g h  f i d e l i t y  s i m u l a t i o n  i n  t h i s  

f i e l d ,  and t h e r e f o r e  t h e  need e x i s t s  f o r  p r e l i m i n a r y  u s e  of e a s i l y  modi f i -  

a b l e ,  low-cost computer  s i m u l a t i o n s  of sys tem components t o  i d e n t i f y  t h e  

most e f f e c t i v e  modes/forms of i n f o r m a t i o n  p r e s e n t a t i o n  and c o n t r o l  

c a p a b i l i t y  t o  i n c o r p o r a t e  i n t o  the  h i g h  f i d e l i t y  s i m u l a t o r .  

-___ 

1 . 2  The Problem 

R e s o l u t i o n  of t h e  human f a c t o r s / a u t o m a t i o n  i s s u e s  s u r r o u n d i n g  t h e  LHX 

system w i l l  be  d i f f i c u l t  f o r  several  r e a s o n s :  

1. 

2. 

3 .  

4. 

The l i k e l y  m i s s i o n  r e p e r t o i r e  of t h e  LHX w i l l  d i f f e r  s i g n i f i c a n t l y  

from what h a s  been e x p e r i e n c e d  by c u r r e n t  Army ro ta ry-wing  p i l o t s .  

T h e r e f o r e ,  unders tanding  t h e  per formance  i m p l i c a t i o n s  of t h e  LHX 

m i s s i o n  w i l l  p rove  e x t r e m e l y  c h a l l e n g i n g .  

The r a n g e  of p o s s i b l e  m i s s i o n s  h a s  y e t  t o  b e  d e f i n e d - f u l l y  f o r  

t h e  a i r c r a f t ,  and miss ion  s c e n a r i o s  c o n t i n u e  t o  e v o l v e .  

S i n c e  m i s s i o n  c a p a b i l i t i e s  a r e  n o t  f u l l y  d e f i n e d ,  human f a c t o r s  

e n g i n e e r i n g  c r i t e r i a  f o r  t h e  sys tem cannot  be s p e c i f i e d .  

Of t h o s e  t e c h n o l o g i e s  t h a t  c a n  be  a n t i c i p a t e d ,  many a r e  c u r r e n t l y  

u n d e r g o i n g  development,  and  t h e r e f o r e  a r e  u n a v a i l a b l e  f o r  empir- 

i c a l  a n a l y s i s .  

Consequent ly ,  many q u e s t i o n s  ex i s t  r e g a r d i n g  t h e  l i k e l y  i n f o r m a t i o n  pro- 

c e s s i n g  demands t h e  LHX's t e c h n o l o g i e s  w i l l  impose on i t s  c r e w .  I n  sum, 

workload a n a l y s t s  w i l l  have a v a i l a b l e  n e i t h e r  ( a )  p i l o t s  o r  o t h e r  i n d i v i d -  
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u a l s  who a r e  t r u e  e x p e r t s  on the  LHX s y s t e m  and i t s  demands, n o r  ( b )  a t r u e  

LHX s i m u l a t o r  w i t h i n  which e s t i m a t e s  of p i l o t  workload might be o b t a i n e d .  

These c o n s i d e r a t i o n s  c l e a r l y  argue t h e  need f o r  novel  approaches  f o r  t h e  

a n a l y s i s  of LHX crew workload .  S ince  n e i t h e r  t h e  LHX system nor  a h i g h  

f i d e l i t y  s i m u l a t i o n  of i t  w i l l  be r e a l i z e d  i n  t h e  n e a r  f u t u r e ,  i t  w i l l  n o t  

be p o s s i b l e  t o  base  i n i t i a l  a n a l y s e s  i n  any c l o s e  way on e x p e r i m e n t a l l y  

d e r i v e d  performance d a t a .  S i m i l a r i l y ,  s i n c e  t h e r e  a r e  no r o t o r c r a f t  p i l o t s  

who a r e  e x p e r i e n c e d  i n  t h e  m i s s i o n s  and t e c h n o l o g i e s  s p e c i f i c  t o  t h e  LHX 

s y s t e m ,  i t  w i l l  n o t  be  p o s s i b l e  f o r  i n i t i a l  a n a l y s e s  t o  r e l y  e n t i r e l y ,  

o r  i n  a s i g n i f i c a n t  manner,  on s u b j e c t i v e  workload judgments .  R a t h e r ,  i t  

would appear :  

1. t h a t  i n i t i a l  a n a l y s e s  m u s t  r e l y  t o  a n  unprecendented  e x t e n t  on 

t h e  a p p l i c a t i o n  of p r i n c i p l e s  drawn from r e s e a r c h  i n  c o g n i t i v e  

and human per formance  psychology;  

t h a t  t h e  mapping of such p r i n c i p l e s  i n t o  t h e  LHX problem m u s t  be 

c o n s t r a i n e d  by a n  u n d e r s t a n d i n g  of t h e  g e n e r i c  i n f o r m a t i o n  a c q u i -  

s i t i o n / a n a l y s i s  and c o n t r o l  r equ i r emen t s  of f l i g h t  and m i s s i o n  

management w i t h i n  the LHX sys t em/miss ion ;  and 

2. 

3 .  t h a t  because  of t h e  c u r r e n t  i ncomple t eness  of t h e  body of p r i n c i -  

p l e s  t h a t  c a n  be a p p l i e d  t o  t h e  problem, and o t h e r  u n c e r t a i n t i e s  

r e l a t e d  t o  t h e  p r e c i s i o n  of t h e  p r inc ip l e - to -p rob lem mapping, t h e  

s o l u t i o n s  y i e l d e d  by such a mapping w i l l ,  i n  many i n s t a n c e s ,  need 

t o  be s u b j e c t e d  t o  c l o s e  e m p i r i c a l  e v a l u a t i o n .  

2 .0  Review of p r i o r  e f f o r t s  t o  t r e a t  t h e  LHX crew workload problem 

P r i o r  t o  c o n s i d e r i n g  t h e  approach t h a t  emerges from t h e  f o r e g o i n g  con- 

s i d e r a t i o n s ,  i t  w i l l  be  i n s t r u c t i v e  t o  r ev iew two e a r l i e r  e f f o r t s  t o  
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deve lop  work load  a n a l y t i c  p rocedures  a p p l i c a b l e  t o  t h e  LHX problem. These 

two s t u d i e s  (Honeywell ,  1982; P e r c e p t r o n i c s ,  1984)  c o n t a i n  some e x c e l l e n t ,  

c r e a t i v e  t h i n k i n g  which i s  t aken  advan tage  of i n  Bio-Dynamics' approach .  

However, t h e  two s t u d i e s  a l s o  c o n t a i n  s e r i o u s  c o n c e p t u a l  d i f f i c u l t i e s  which 

s i g n i f i c a n t l y  l i m i t  t h e i r  u l t i m a t e  u t i l i t y .  

2 . 1  The Honeywell approach  

2.1 .1  Summary of t h e  approach  

I n  b r i e f ,  t h e  approach  advoca ted  by Honeywell (1982)  e n t a i l e d  t h e  f o l l o w i n g  

s t e p s :  

1. I d e n t i f i c a t i o n  of crew t a s k s .  A se t  of t h r e e  r e p r e s e n t a t i v e  LHX 

mis s ion  s c e n a r i o s  ( p r o j e c t e d  by Boeing V e r t o l )  was s u b j e c t e d  t o  t h e  

a n a l y s i s  of an  e x p e r t  r o t o r c r a f t  p i l o t .  

e l i c i t a t i o n ,  t o g e t h e r  w i t h  i n f o r m a t i o n  g a t h e r e d  from r e l e v a n t  w r i t t e n  

m a t e r i a l  on LHX sys tems and c r e w  p r o c e d u r e s ,  w e r e  used t o  i d e n t i f y  a 

r e p r e s e n t a t i v e  se t  of'43 crew t a s k s  o r  workload  demands w i t h i n  t h e  LHX. 

The r e s u l t s  of t h i s  e x p e r t  

I l l u s t r a t i v e  of t h e s e  t a s k s  a r e  t h e  f o l l o w i n g :  

1. F l i g h t  c o n t r o l  a c t i v i t i e s  

a .  descend t o  NOE 

b .  hover  unmasked 

c. NOE f l i g h t  

2. Communications a c t i v i t i e s  

3 .  T a r g e t  a c q u i s i t i o n  a c t i v i t i e s  

a.  a c t i v a t e  au tomat i c  t a r g e t  r e c o g n i t i o n  (ATR) 

4 .  Assess  damage t o  t a r g e t  

5. T h r e a t  warninglcounter-measures a c t i v i t i e s  

a. a s s e s s  TW d i s p l a y  

b.  select  weapon 

s y s t e m s  
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6. Fire conLrol activities 

a. arm gun 

b. guide missile 

7. Data management and transfer 

a. soft failure cues 

b. request status information 

2. Definition of baseline information display/control suite. Based on 

the task analysis carried out as Step 1 and a consideration of the LHX 

mission, as well as existing and anticipated avionics technologies 

applicable to the LHX, the characteristics of a feasible "baseline" 

information display/control suite were defined. This minimally auto- 

mated baseline suite served as the context of Honeywell's workload 

analysis. 

3 .  Identification of interface channels. Ten information flow interfaces, 

either to or from the crew, were identified within the baseline suite. 

Channels of information flow to the crew were defined by their sources 

(for example, Head-Up Display, Head-Down Display, Speech. Generator, 

Radio Communications In). Channels of information flow from the crew 

were defined by their response modality and object (for example, Manual 

flight controller, Voice communications out, Manual discrete 

responses). 

4 .  Assessment of single task workload. Each of the 43 individual crew 

tasks identifed at Step 1 was assessed with respect to the workload 

demand imposed by the task on each of the 10 interface channels ident- 

ified at Step 3 .  This assessment was based on the collective judgments 
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of a s easoned  h e l i c o p t e r  p i l o t  and Honeywell s t a f f  knowledgable  i n  

human f a c t o r s  e n g i n e e r i n g .  The a s ses smen t  c o n s i s t e d  of t h e  a s s ignmen t  

of an o r d i r - a l l y  s c a l e d  va lue  (0-3) t o  each  i n t e r f a c e  channe l  f o r  each  

t a s k .  

5 .  Assessment of  m u l t i p l e  t a s k  workload.  Workload under  c o n d i t i o n s  of 

t a s k  concur rency  w a s  determined by t h e  f o l l o w i n g  r u l e s :  

a. Cons ide r  cases i n  which c o n c u r r e n t  t a s k s  imposed e i t h e r  con- 

f l i c t i n g  i n f o r m a t i o n  a c q u i s i t i o n  demands ( t h a t  i s ,  one t a s k  

r e q u i r e s  i n f o r m a t i o n  through t h e  Head-Up D i s p l a y  Channel and t h e  

o t h e r  r e q u i r e s  i n fo rma t ion  t h r o u g h  t h e  Head-Down D i s p l a y  Channe l ) ,  

o r  c o n f l i c t i n g  c o n t r o l  o u t p u t  demands ( c o n c u r r e n t l y  u t i l i z i n g  

F l i g h t  C o n t r o l l e r  and Manual Discrete i n t e r f a c e  c h a n n e l s ) .  I n  

t h e s e  i n s t a n c e s  t h e  index of workload demand a t  each  of t h e  

c o n f l i c t i n g  i n t e r f a c e s  i s  doubled  t o  r e f l e c t  t h e  i n c r e a s e d  

demands fcos t s  of t h e  t ime-sha r ing  c o n f l i c t  i n v o l v e d ,  and t h e  t o t a l  

workload  imposed by the t a s k s  i s  set  a s  e q u a l  t o  t h e  sum of t h e s e  

doubled  e s t i m a t e s .  .. . 

b. C o n s i d e r  cases i n  which c o n c u r r e n t  t a s k s  c r e a t e  c o n f l i c t s  n e i t h e r  

i n  i n f o r m a t i o n  a c q u i s i t i o n  n o r  i n  c o n t r o l  o u t p u t .  I n  t h e s e  

i n s t a n c e s ,  t h e  t o t a l  workload imposed by t h e  t a s k s  i s  se t  e q u a l  

t o  t h e  sum of  t h e  workload r a t i n g s  of t h e  t a s k s  when c o n s i d e r e d  

i n  i s o l a t i o n .  
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6 .  I d e n t i f i c a t i o n  o f  h i g h  workload p o i n t s  w i t h i n  r e p r e s e n t a t i v e  LHX 

mis s ion  s c e n a r i o s .  One r e s u l t  of t h e  a n a l y s i s  c a r r i e d  o u t  a t  S t e p  1 

i s  a second-by-second l i s t i n g  of t h e  t a s k s  and t a s k  c o n c u r r e n c i e s  t h a t  

might occur  d u r i n g  t h e  c o u r s e  of t h e  LHX mis s ion  s c e n a r i o s  p r o v i d e d  

by Boeing V e r t o l .  Th i s  t a s k  l i s t i n g  was s u b j e c t e d  t o  t h e  workload  

a n a l y s i s  deve loped  a t  S t e p s  4 and 5 .  The r e s u l t s  of t h i s  a n a l y s i s  

p rov ided  runn ing  measures  of i n s t a n t a n e o u s  (momentary) and s u s t a i n e d  

(5-second a v e r a g e d )  crew workload th rough  t h e  r e p r e s e n t a t i v e  s c e n a r i o s .  

Tasks o c c u r i n g  d u r i n g  i n t e r v a l s  w i t h  i n s t a n t a n e o u s  workloads  i n  e x c e s s  

of an a r b i t r a r i l y  chosen  va lue  w e r e  i d e n t i f i e d  as c a n d i d a t e s  f o r  au to -  

mat ion  o r  a l t e r n a t e  r e d e s i g n s  w e r e  s e l e c t e d .  

2 . 1 . 2  C r i t i q u e  of  t h e  approach  

The 1982 Honeywell approach  h a s  s e v e r a l  commendable f e a t u r e s ,  among them: 

1. t h e  e f f o r t  t h roughou t  t he  s t u d y  t o  anchor  a n a l y s e s  w i t h  e x p e r t  

( r o t o r c r a f t  p i l o t )  judgments;  

2. t h e  e f f o r t  t o  s y s t e m a t i c a l l y  a p p l y  t h e  t h e o r y  and d a t a  of informa- 

- t i o n  p r o c e s s i n g  and c o g n i t i v e  psychology i n  workload  a n a l y s i s ;  

. .  
and 

3. t h e  development  of a s imple  bu t  e l e g a n t  t a s k - a n a l y t i c  sys tem based  

on i n f o r m a t i o n  d i s p l a y / c o n t r o l  i n t e r f a c e  channe l  u t i l i z a t i o n .  

While a t t r a c t i v e  a l o n g  t h e s e  l i n e s ,  t h e  approach  s u f f e r s  some ma jo r  d i f  f i- 

c u l t i e s  i n  t h e  method used t o  a s s e s s  workload.  The a n a l y s i s  of i n d i v i d u a l  

t a s k  workload,  from which a l l  subsequent  e s t i m a t e s  were d e r i v e d ,  w a s  based  

on t h e  s u b j e c t i v e  judgments  of an i n d i v i d u a l  who, a l t h o u g h  a seasoned  

r o t o r c r a f t  p i l o t ,  had l i t t l e  or no e x p e r i e n c e  w i t h  many of  t h e  t ech -  
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n o l o g i e s ,  d i s p l a y s ,  and c o n t r o l s  Lhat  w i l l  be implemented i n  t h e  1,HX. 

S u b j e c t i v e  e s t i m a t e s  of  workload have  o f t e n  proven  d i f f i c u l t  t o  v a l i d a t e  

even  when j u d g e s  a r e  e x p e r i e n c e d  i n  t h e  work s i t u a t i o n .  Accord ing ly ,  i t  

i s  q u e s t i o n a b l e  whether  any  c o n f i d e n c e  c a n  be p l a c e d  i n  workload judgments  

about  complex s e t t i n g s  c o n t a i n i n g  u n f a m i l i a r  components. 

An a d d i t i o n a l  d i f f i c u l t y  found in  t h e  Honeywell approach  r e l a t e s  t o  a 

s c a l i n g  i s s u e .  Each of  a l a r g e  number of t a s k s  were "workload-assessed" 

i n  terms of t h e  t e n  d i s p l a y / c o n t r o l  i n t e r f a c e  c h a n n e l s  d e s c r i b e d  e a r l i e r .  

The a s ses smen t  t o o l  c o n s i s t e d  of a 4-poin t  o r d i n a l  s c a l e ,  where 0 = no 

workload imposed on t h e  i n t e r f a c e  c h a n n e l ,  and 3 = h i g h  workload imposed 

on t h e  channe l .  These va lues ,  summed a c r o s s  i n t e r f a c e  c h a n n e l s ,  d e f i n e d  

t h e  o v e r a l l  workload  imposed by a t a s k .  T h e r e f o r e ,  some t a s k s  m i g h t  have  

a h i g h  indexed  workload  because  t h e y  impose heavy l o a d i n g s  on i n t e r f a c e  

c h a n n e l s  A and B,  whereas  o t h e r  t a s k s  a re  h i g h  i n  indexed  workload b e c a u s e  

t h e y  impose heavy l o a d i n g s  on i n t e r f a c e  c h a n n e l s  C and D. Thus, t h e  

s c a l i n g  problem ar i ses .  On what b a s i s  c a n  i t  be  conc luded  t h a t  a h i g h  

l o a d i n g  ( a  s c o r e  o f  3 )  on i n t e r f a c e  c h a n n e l  A ( t h e  heads-up d i s p l a y )  is  

t h e  same, workload  w i s e ,  as  a h igh  l o a d i n g  (3) on  c h a n n e l  C- . ( the  f l i g h t  

c o n t r o l l e r ) ?  I n  f a c t ,  such  a c o n c l u s i o n  c a n n o t  be r eached  on any p r i n c i -  

p l e d  b a s i s .  Consequen t ly ,  i t  i s  n o t  l e g i t i m a t e  t o  c l a i m  two i n d i v i d u a l  

t a s k s  o r  two t a s k  c o n c u r r e n c i e s  t h a t  have  t o t a l  workload  r a t i n g s  d e r i v e d  

from d i f f e r e n t  p a t t e r n s  of i n t e r f a c e  c h a n n e l  l o a d i n g  are  i n  f a c t  e q u a l  i n  

t r u e  workload .  T h i s  f a c t  a l o n e  undermines  t h e  e n t i r e  workload  a n a l y s i s  

of  t h e  Honeywell g roup .  
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Another  d i f f i c u l t y  of t h e  Honeywell s t u d y  r e l a t e s  t o  t h e  s i m p l i f y i n g  

a s sumpt ion  ( S t e p  5b )  t h a t  concur ren t  t a s k s  no t  l o a d i n g  " c o n f l i c t i n g "  i n p u t  

o r  ou tpu t  i n t e r f a c e  c h a n n e l s  w i l l  n o t  s u f f e r  from d u a l  t a s k  d e f i c i t s .  T h i s  

assumpt ion  i s  i n v a l i d .  There i s  ample e v i d e n c e  which p roves  marked d u a l  

t a s k  i n t e r f e r e n c e  between t a s k s ,  one which i s  v i s u a l  and one which i s  

a u d i t o r y ,  o r  one which is  manual and t h e  o t h e r  which i s  v o c a l  ( s e e ,  e . g . ,  

Greenwald and Schulman, 1973) ;  K a r l i n  and Kestenbaum, 1969;  Hawkins and 

Rodr iguez ,  1981) .  Whereas t a s k s  u t i l i z i n g  common i n p u t  o r  o u t p u t  c h a n n e l s  

w i l l  o f t e n  produce  more d u a l t a s k  i n t e r f e r e n c e  t h a n  t h o s e  no t  s h a r i n g  

c h a n n e l s ,  t h e  d i f f e r e n c e  i n  measured i n t e r f e r e n c e  between t h e  two s i t u a -  

t i o n s  i s  o f t e n  small  r e l a t i v e  t o  t h e  t o t a l  ( c e n t r a l l y  m e d i a t e d )  i n t e r -  

f e r e n c e  produced  by e i t h e r  ( e .g . ,  Hawkins and Rodr iguez ,  1981) .  

F i n a l l y ,  t h e  Honeywell  a n a l y s i s  i s  based  on t h e  a s sumpt ion  ( S t e p  5a )  t h a t  

t a s k  p a i r i n g s ,  i n  which " c o n f l i c t i n g "  i n p u t  o r  o u t p u t  c h a n n e l s  a r e  used ,  

w i l l  e x h i b i t  a m u l t i p l e  t a s k  cos t  f a i r l y  r e p r e s e n t e d  by a doub l ing  of t h e  

indexed  s i n g l e  t a s k  workload along t h e  c o n f l i c t i n g  c h a n n e l ( s ) .  As a s i n g l e  

v a l u e d  es t imate  of m u l t i p l e  t a s k  c o s t s ,  d o u b l i n g  may o r  may no t  be reason-  

a b l e .  There  i s  no e m p i r i c a l  b a s i s  f o r  e s t i m a t i n g  t h e  v a l i d i t y  of t h i s  
.. . 

p a r t i c u l a r  v a l u e .  R e g a r d l e s s ,  t h e  u s e  of a s i n g l e  v a l u e  t o  e s t i m a t e  con- 

c u r r e n t  t a s k  c o s t s ,  r e g a r d l e s s  of t h e  s o u r c e  of t h e  problem, r e p r e s e n t s  

a g r o s s  o v e r s i m p l i f i c a t i o n  of  t h e  a v a i l a b l e  d a t a  on t i m e - s h a r i n g  perform- 

a n c e .  Depending on a wide range of f a c t o r s ,  d u a l  t a s k  c o s t s  i n  r e a c t i o n  

t i m e  a n d / o r  e r r o r  r a t e  range f r o m  n e a r l y  z e r o  t o  o v e r  100%. 

Because of t h e  d i f f i c u l t i e s  c i t e d  above ,  n e i t h e r  t h e  s i n g l e  and d u a l  t a s k  

workload  judgments ,  n o r  t h e  ove r load  d e t e r m i n a t i o n s  y i e l d e d  by t h e  Honey- 
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w e l l  p r o c e d u r e s  can  be viewed wi th  c o n f i d e n c e .  U n f o r t u n a t e l y ,  i t  a p p e a r s  

u n l i k e l y  t h a t  t h e  o v e r a l l  approach advoca ted  by Honeywell c a n  be upgraded  

s u f f i c i e n t l y  t o  r emed ia t e  t h e  problems i t  f a c e s .  The v a l i d i t y  of t h e  

approach u l t i m a t e l y  r e l i e s  on :  

a .  t h e  judgments  of i n d i v i d u a l s  who m u s t  s p e c u l a t e  about  t h e  demands 

of a system t h a t  is n e i t h e r  f a m i l i a r  no r  w e l l  s p e c i f i e d ;  

b. i n v a l i d  o r  u n t e s t e d  a s sumpt ions  about  t h e  n a t u r e  and c o m b i n a t o r i a l  

c h a r a c t e r i s t i c s  of t h e  p r o c e s s e s  producing  men ta l  workload .  

2 . 2  The P e r c e p t r o n i c s  approach  

2 . 2 . 1  Summary of t h e  approach  

The approach recommended by P e r c e p t r o n i c s  (1984) c o n t a i n s  t h e  f o l l o w i n g  

s t e p s :  

1. LHX m i s s i o n  s c e n a r i o s  a r e  reviewed by a n  e x p e r t  m i l i t a r y  h e l i c o p t e r  

p i l o t  t o  i d e n t i f y  t h e  moment-to-moment p r o c e d u r a l  r e q u i r e m e n t s  of 

f l i g h t  and m i s s i o n  management. 

2. The e x p e r t  e l i c i t a t i o n  d a t a  a r e  t h e n  o rgan ized  i n t o  Modif ied  P e t r i  Nets 

(MPNs), a form of ne twork  s c h e d u l i n g  resembl ing  PERT or.-CPM. The MPN 

a n a l y s i s  p r o v i d e s  r e p r e s e n t a t i o n s  of ( a )  t h e  s e t  of t r a n s i t i o n a l  a c t i v -  

i t i e s  r e q u i r e d  of a p i l o t  w i t h i n  a g i v e n  t i m e  range  t o  a c h i e v e  a spec-  

i f i e d  end  s t a t e ,  and ( b )  t he  end s t a t e  ach ieved  through each t r a n s i -  

t i o n a l  a c t i v i t y ,  o r  combina t ion  of t h e s e .  The MPN a n a l y s i s  r e p r e s e n t s  

t r a n s i t i o n a l  a c t i v i t i e s  i n  a h i e r a r c h i c a l  f a s h i o n  such t h a t  t h e  act iv-  

i t y  r e p r e s e n t a t i o n  a t  a g iven  l e v e l  of a b s t r a c t i o n  c a n  be decomposed 

i n t o  p r o g r e s s i v e l y  more s p e c i f i c  s e t s  of a c t i v i t i e s  and end s t a t e s .  
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3 .  A f u r t h e r  e x p e r t  e l i c i t a t i o n  i s  used t o  e s t i m a t e  t h e  range of t imes 

r e q u i r e d  by t h e  p i l o t  t o  complete  each  t r a n s i t i o n a l  , , t i v i t y .  A Monte 

C a r l o  s i m u l a t i o n  i s  t h e n  c a r r i e d  o u t  t o  e s t a b l i s h  l i k e l y  a c t i v i t y  

c o n c u r r e n c i e s .  

4.  The menta l  workload a s s o c i a t e d  w i t h  each  a c t i v i t y  and each  s e t  of con- 

c u r r e n t  a c t i v i t i e s  is  de termined  by e x p e r t  judgment.  The judgmenta l  

p r o c e s s  c o n s i s t s  of t h e  e x p e r t  p i l o t  r a t i n g  on a r e l a t i v e  s c a l e  (0  t o  

100) t h e  workload demand of each  s p e c i f i e d  a c t i v i t y  o r  a c t i v i t y  con- 

cu r rency .  

5 .  The p rocedure  f o r  i d e n t i f y i n g  f u n c t i o n s  which might  p r o f i t  from automa- 

t i o n  is n o t  c l e a r l y  i n d i c a t e d  i n  t h e  P e r c e p t r o n i c s  r e p o r t ,  bu t  p re sum-  

a b l y  would b e  r e s p o n s i v e  t o  t h e  h i g h  workload p o i n t s  i d e n t i f i e d  d u r i n g  

S t e p  4 above.  ( I n  t h e  1984 P e r c e p t r o n i c s  r e p o r t ,  c a n d i d a t e s  f o r  au to -  

mat ion  w e r e  g e n e r a t e d  on the  b a s i s  of e x p e r t  o p i n i o n .  However, as 

no ted  i n  t h e  r e p o r t ,  t h i s  was s i m p l y  a n  e x p e d i e n t  s i n c e  d e s c r i p t i o n  

of t h e  more formal  p rocedures  recommended f o r  t h i s  d e t e r m i n a t i o n  was 

beyond t h e  scope  of t h e  r e s e a r c h  e f f o r t  r e p o r t e d ) .  
.. . 

2 .2 .2  C r i t i q u e  of  t h e  P e r c e p t r o n i c s  Approach 

The approach  recommended by P e r c e p t r o n i c s  h a s  two s t r o n g l y  p o s i t i v e  fea-  

t u r e s .  F i r s t ,  a l l  phases  of t he  approach  e n t a i l  e x p e r t  i n p u t ,  t h e r e b y  

i n c r e a s i n g  t h e  f i d e l i t y  and p i l o t  a c c e p t a b i l i t y  of t h e  outcome. Second, 

t h e  u s e  of t h e  MPN methodology t o  r e p r e s e n t  and o r g a n i z e  e x p e r t  e l i c i t a t i o n  

d a t a  seems an e s p e c i a l l y  p o s i t i v e  f e a t u r e ,  y i e l d i n g  t h e  same obv ious  

d i v i d e n d s  as  does  any good network s c h e d u l i n g  d e v i c e  i n  p l a n n i n g  and a n a l -  

y z i n g  r e s o u r c e  u t i l i z a t i o n  around complex,  t i m e - l i m i t e d  o p e r a t i o n s .  
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However, s e v e r a l  d i f f i c u l t i e s  e x i s t  w i t h  t h i s  approach:  

1. S ince  t h e  p i l o t ( s )  used i n  e x p e r t  e l i c i t a t i o n  had no e x p e r i e n c e  i n  t h e  

LHX s y s t e m ,  t h e  e l i c i t e d  e s t i m a t e s  of t r a n s i t i o n  p r o c e s s  c o m p l e t i o n  

t i m e s  may be i n  e r r o r .  Qui te  p robab ly ,  t h e  c a l c u l a t i o n  of p r o c e s s  

c o n c u r r e n c i e s  and t h e  p o t e n t i a l  p o i n t s  of maximum workload  a r e  a p t  t o  

be i n  e r r o r .  

2 .  Again,  because  t h e  e x p e r t s  used t o  judge t h e  workload of  p i l o t i n g  a c t i -  

v i t i e s  had no s p e c i f i c  e x p e r i e n c e  w i t h  t h e  s y s t e m ,  t h e  a c c u r a c y  of  

t h e i r  workload estimates i s  open t o  s e r i o u s  q u e s t i o n .  

3 .  The u s e  of an  omnibus 100-point  workload scale i s  a q u e s t i o n a b l e  p rac -  

t i ce .  To what e x t e n t  does a s c a l e  of t h i s  s o r t  y i e l d  v a l i d  and 

r e l i a b l e  estimates,  even under o p t i m a l  c o n d i t i o n s  of judgment? No evi- 

dence i s  c i t e d  i n  beha l f  of t h e  p rocedure .  I f  s u p p o r t i v e  e v i d e n c e  

e x i s t s ,  Bio-Dynamics i s  unaware of it. 

4.  No e x p l i c i t  e f f o r t  i s  made t o  i n c o r p o r a t e  knowledge of human informa- 

t i o n  p r o c e s s i n g  c a p a c i t i e s  and l i m i t a t i o n s  i n t o  t h e  P e r c e p t r o n i c s  a n a l -  

y s i s .  R a t h e r ,  t h e  a n a l y s i s  re l ies  a lmost  e x c l u s i v e l y  on t h e  judgments  

and o p i n i o n s  of  e x p e r t  p i l o t s ,  o r g a n i z e d  v i a  ne twork  s c h e d u l i n g  t ech -  

n i q u e s ,  t o  a s s e s s  crew workload and t o  i d e n t i f y  o p p o r t u n i t i e s  f o r  

au tomat ion .  T h i s  n e g l e c t  of much of t h e  l i t e r a t u r e  of t h e  c o g n i t i v e  

s c i e n c e s  g r e a t l y  compromises t h e  c o n c e p t u a l  q u a l i t y  of t h e  approach .  

3.0 The approach  recommended by Bio-Dynamics 

The Honeywell and P e r c e p t r o n i c s  groups  sought  t o  deve lop  q u a n t i t a t i v e  
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measures  of t h e  momentary workload l i k e l y  t o  be imposed on t h e  c r e w  of a 

s y s t e m  which h a s  y e t  t o  be r e a l i z e d  o r  s i m u l a t e d ,  and f o r  which no genu ine  

e x p e r t s  e x i s t .  As argued above ,  t h e  e f f o r t s  of b o t h  g roups  have made 

p o s i t i v e  c o n t r i b u t i o n s  t o  t h e  a n a l y s i s  of t h e  problem, y e t  have f a l l e n  

s h o r t  of t h e i r  i n t e n d e d  g o a l .  T h e  r e a s o n  f o r  t h e  s h o r t f a l l  p robab ly  l i e s  

i n  t h e  g o a l  sough t .  Given t h a t  t h e  LHX s y s t e m  i s  u n r e a l i z e d  and indeed  

h a s  y e t  t o  be w e l l  s p e c i f i e d  i n  s t r u c t u r e  and f u n c t i o n ,  and g i v e n  t h e  

u n a v a i l a b i l i t y  of expe r i enced  s y s t e m  o p e r a t o r s ,  Bio-Dynamics b e l i e v e s  it 

i s  n o t  p o s s i b l e ,  a p r i o r i ,  t o  deve lop  and a p p l y  q u a n t i t a t i v e  workload 

measurement p r o c e d u r e s  t h a t  w i l l  t o l e r a t e  c l o s e  c o n c e p t u a l  and method- 

o l o g i c a l  e x a m i n a t i o n .  While it i s  t r u e  t h a t  t h e  u n c e r t a i n t i e s  of sys tem 

m i s s i o n  and  t echno logy  w i l l  a ch ieve  some r e s o l u t i o n  i n  t h e  n e a r  t e r m ,  t h i s  

r e d u c e s  t h e  problem on ly  s l i g h t l y .  

Based on a n a l y s i s  of t h e  problems a s s o c i a t e d  w i t h  p r i o r  e f f o r t s  t o  a n a l y z e  

l i k e l y  c r e w  workload  i n  t h e  LHX, Bio-Dynamics recommends a d i f f e r e n t  

approach .  T h i s  approach does not have as i t s  g o a l  t h e  g e n e r a t i o n  of quan- 

t i t i v e  work load  e s t i m a t e s .  R a t h e r ,  i t  p roceeds :  

1. by a p p l y i n g  p r i n c i p l e s  from c o g n i t i v e  and human per formance  

psycho logy  t o  c r e a t e  i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  d e s i g n  

a l t e r n a t i v e s  l i k e l y  t o  minimize p i l o t  workload;  

2. by c o m p a r a t i v e l y  e v a l u a t i n g  t h e s e  a l t e r n a t i v e s  th rough  per formance  

t e s t i n g  unde r  c o n d i t i o n s  of low f i d e l i t y  s i m u l a t i o n ;  and 

3 .  by recommending t h e  au tomat ion  of p i l o t  f u n c t i o n s  w i t h i n  t h e  

o p t i m a l  d e s i g n  a l t e r n a t i v e  based  on e m p i r i c a l  n e c e s s i t y .  
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T h i s  approach i s  markedly d i f f e r e n t  i n  a fundamenta l  way from t h o s e  advo- 

c a t e d  by Honeywell and P e r c e p t r o n i c s .  Bio-Dynamics b e l i e v e s  t h a t  t h e  LHX 

workload problem canno t  be t r e a t e d  a d e q u a t e l y  by a p r i o r i  o r  s u b j e c t i v e  

a n a l y s i s .  R a t h e r ,  i t  w i l l  be n e c e s s a r y  t o  combine p r i n c i p l e  and s u b j e c t i v e  

a n a l y s i s  w i t h  e m p i r i c a l  e v a l u a t i o n .  Bio-Dynamics f e e l s  s t r o n g l y  t h a t  t h i s  

approach  w i l l  p rov ide  t h e  most v a l i d  s o l u t i o n .  

The proposed  approach  e n t a i l s  t h e  seven s t e p s  t h a t  fo l low.  

3 . 1  S t e p  1: Exper t  e l i c i t a t i o n  

The o b j e c t i v e  of e x p e r t  e l i c i t a t i o n  i s  t o  g a i n  from seasoned  r o t o r c r a f t  

p i l o t s  a d e t a i l e d  p i c t u r e  of t he  i n f o r m a t i o n  g a t h e r i n g  and c o n t r o l  a c t i v -  

i t i e s  l i k e l y  t o  be a s s o c i a t e d  wi th  f l i g h t  and m i s s i o n  management f o r  e a c h  

s e t  of p l a u s i b l e  LHX m i s s i o n  s c e n a r i o s .  Of s p e c i f i c  i n t e r e s t  a r e  i n f o r -  

ma t ion  on t h e  p r o c e d u r e s ,  l i k e l y  a c t i v i t y  c o n c u r r e n c i e s ,  t a s k  p r i o r i t i e s ,  

per formance  c r i t e r i a ,  and  a c t i o n  consequences  t h a t  de t e rmine  c r e w  per form-  

ance .  A problem immedia te ly  ar ises  i n  e l i c i t a t i o n s  a t  t h i s  l e v e l  of 

d e t a i l .  A v a i l a b l e  e x p e r t s  on t h e  c rewing  of a t t a c k  h e l i c o p t e r s  have g a i n e d  

t h e i r  e x p e r i e n c e  i n  c r a f t  where f l i g h t  and m i s s i o n  managemen t - r e spons i -  

b i l i t i e s  are  d i v i d e d  between t w o  c r e w  members, a p i l o t  and a gunner  ( a s  

i n  t h e  AH-1G o r  S s e r i e s ) ,  and a r e  c a r r i e d  o u t  i n  t h e  c o n t e x t  of i n f o r -  

ma t ion  d i s p l a y / c o n t r o l  s u i t e s  and f l i g h t  dynamics t h a t  a r e  un ique  t o  t h o s e  

c r a f t .  Based on i n t e r v i e w s  w i t h  a r o t o r c r a f t  p i l o t  d u r i n g  t h e  p r e s e n t  

p r o j e c t ,  Bio-Dynamics b e l i e v e s  t h i s  problem c a n  be reduced  s u b s t a n t i a l l y  

by a s k i n g  t h e  e x p e r t :  

1. t o  respond to e l i c i t a t i o n  p robes  based  on t h e  s u p p o s i t i o n  of a 

s i n g l e  c r e w  c r a f t ;  
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2. t o  f o c u s  both  on t h e  a b s t r a c t  n a t u r e  of t h e  i n f o r m a t i o n  and a c t i o n  

r e q u i r e d  a t  t h e  moment ( 3 s  d i s t i n c t  from t h e  s p e c i f i c  d i s p l a y s  

and manipulanda p r o v i d i n g  them);  and s e p a r a t e  from t h i s ,  

3 .  t o  d i s c u s s  o n l y  t h e  s p e c i f i c  i n s t r u m e n t a t i o n  w i t h  which he i s  

f ami 1 i a r  . 
The impor tance  of t h e  i n f o r m a t i o n a l  f o c u s  i s  t h a t  i t  e n a b l e s  t h e  r e s e a r c h e r  

t o  d e f i n e  t h e  g e n e r i c  i n fo rma t ion  p r o c e s s i n g  demands involved .  The v a l u e  

of t h e  i n s t r u m e n t a t i o n  focus  i s  t h a t  it can  p r o v i d e  exper ience-based  c lues  

r e l a t i n g  t o  p o t e n t i a l l y  advantageous and d i sadvan tageous  modes/forms of 

i n f o r m a t i o n  p r e s e n t a t i o n .  

To g a i n  t h e  d e t a i l e d  in fo rma t ion  r e q u i r e d  f o r  s p e c i f i c a t i o n  of r e l e v a n t  

p s y c h o l o g i c a l  p r i n c i p l e s ,  t h e  e l i c i t a t i o n  p rocedure  shou ld  i n c l u d e  t h e  

f o  1 lowing s t e p s  : 

1. Using t h e  t i m e l i n e  a n a l y s i s  of Honeywell ,  t h e  modi f ied  P e t r i  N e t  pro-  

c e d u r e  of  P e r c e p t r o n i c s ,  o r  o t h e r  ne twork  s c h e d u l i n g  d e v i c e ,  t h e  e x p e r t  

i s  f i r s t  a sked  t o  t r a n s l a t e  LHX m i s s i o n  s c e n a r i o s  i n t o  a f low of 

s p e c i f i c  c r e w  a c t i v i t i e s .  I t  s h o u l d  be n o t e d  t h a t  w i t h  s c e n a r i o s  as 

n o n - s p e c i f i c  as t h o s e  provided  Honeywell and P e r c e p t r o n i c s ,  s i g n i f i c a n t  

i n d i v i d u a l  d i f f e r e n c e s  should be e x p e c t e d  among p i l o t s  r e g a r d i n g  t h e  

s p e c i f i c s  of t h e i r  s c e n a r i o  t r a n s l a t i o n s .  T h i s  v a r i a b i l i t y  p r o b a b l y  

r e f l e c t s  t h e  e n t r e p r e n u r i a l  norms of t h e  c u l t u r e  of U.S. m i l i t a r y  

p i l o t s .  T a b l e s  l a  and l b  i l l u s t r a t e  t h e  p o i n t .  Table  l a  was d e r i v e d  

by Bio-Dynamics from t h e  e x p e r t  t i m e l i n e  a n a l y s i s  of t h r e e  LHX 

s c e n a r i o s  c a r r i e d  out  by Honeywell (1982) .  The t a b l e  shows t h e  

f r equency  of a l l  t a s k  c o n c u r r e n c i e s  i d e n t i f i e d  d u r i n g  e x p e r t  e l i c i -  

t a t i o n  by t h e  Honeywell group. Tab le  l b  c o n t a i n s  t h e  p a t t e r n  and 
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f r equency  of c o n c u r r e n c i e s  o c c u r r i n g  w i t h i n  t h e  same s c e n a r i o s ,  b u t  

t h i s  t ime  a s  e n v i s i o n e d  by t h e  e x p e r t  used  by Bio-Dynamics. The 

f o l l o w i n g  p r e l i m i n a r y  i n f o r m a t i o n  w a s  p rov ided  f o r  Bio-Dynamics' p i l o t  

e x p e r t  t o  c o n s t r a i n  h i s  a n a l y s i s :  

1. a copy of t h e  t h r e e  s c e n a r i o s  used  w i t h  t h e  Honeywell e x p e r t ;  

2. a d e s c r i p t i o n  and p i c t u r e  of t h e  b a s e l i n e  i n f o r m a t i o n  d i s p l a y /  

c o n t r o l  s u i t e  recommended by t h e  Honeywell g roup  and o t h e r  mater -  

i a l  r e l a t i n g  t o  t h e  LHX mis s ion  a n d  c a p a b i l i t i e s ;  and 

3 .  a t i m e l i n e  c o n t a i n i n g  major e v e n t s ,  way p o i n t s ,  and f l i g h t  modes 

added by t h e  Honeywell group t o  t h e  b a s i c  s c e n a r i o s  p r o v i d e d  t o  

them by Boeing V e r t o l  ( f o r  example,  ZSU d e t e c t i o n  and engagement ,  

DIVARTY c a l l  and damage a s s e s s m e n t ,  and Hind d e t e c t i o n  and engage- 

ment ). 

It w i l l  be n o t e d  from a comparison of t h e  two t a b l e s  t h a t  a s i z a b l e  

d i f f e r e n c e  i n  s c e n a r i o  a n a l y s i s  e x i s t s  between t h e  two e x p e r t s ,  even  w i t h  

t h e  c o n s t r a i n t s  l i s t e d  above. While n o t  t o t a l l y  unexpec ted ,  t h i s  

between-expert  v a r i a t i o n  must be t a k e n  i n t o  c o n s i d e r a t i o n  i n  d e s i g n i n g  

p r o c e d u r e s  f o r  t h e  a c q u i s i t i o n  and a n a l y s i s  of e l i c i t a t i o n  d a t a .  

2. Once t h e  sequenc ing  and c o n c u r r e n c i e s  of s c e n a r i o - r e l a t e d  c r e w  a c t i v i -  

t i e s  o r  t a s k s  h a s  been e s t a b l i s h e d ,  more d e t a i l e d  p rob ing  can  be 

i n i t i a t e d .  The f o l l o w i n g  p robes  a r e  examples  of t h o s e  t h a t  s h o u l d  

prove  u s e f u l  i n  e l a b o r a t i n g  t h e  p r o c e s s i n g  demands p e r t a i n i n g  t o  e a c h  

i d e n t i f i e d  crew t a s k :  

a. P e r c e p t u a l  i n f o r m a t i o n  r e q u i r e d  t o  c a r r y  o u t  t h e  a c t i v i t y .  What 

i s  t h e  n a t u r a l  s o u r c e  ( m o d a l i t y ,  l o c u s )  of t h e  i n f o r m a t i o n  
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r e q u i r e d ,  and what i s  t h e  n a t u r e  of t h e  i n f o r m a t i o n  i t s e l f ?  For  

some t a s k s ,  l i t t l e  o p t i o n  e x i s t s  r e g a r d i n g  t h e  m o d a l i t y  and rela- 

t i v e  l o c u s  of r e q u i r e d  i n f o r m a t i o n  ( a s  i n  t h e  t a s k  of NOE f l i g h t ) .  

For  o t h e r  t a s k s ,  o p t i o n s  e x i s t  i n  t h e  moda l i ty  a n d / o r  l o c a t i o n  

of r e q u i r e d  i n f o r m a t i o n  (as w i t h  s y s t e m  s t a t u s  i n f o r m a t i o n ,  

sys tems f a i l u r e  i n f o r m a t i o n ,  t h r e a t  warn ing  i n f o r m a t i o n ,  and t h e  

l i k e ) .  T h i s  d i s t i n c t i o n  i s  a s i g n i f i c a n t  one because  it h e l p s  

t o  d e f i n e  t h e  d e s i g n  c o n s t r a i n t s  and o p p o r t u n i t i e s  t o  be s u b j e c t e d  

t o  p r i n c i p l e d  a n a l y s i s  a t  subsequent  p o i n t s  i n  t h e  proposed  pro-  

c e d u r e .  The same d i s t i n c t i o n ,  w i t h  t h e  same d e s i g n  i m p l i c a t i o n s ,  

a p p l i e s  t o  t h e  n a t u r e  ( form)  of t h e  r e q u i r e d  i n f o r m a t i o n  ( e . g . ,  

a lphanumer ic  v s .  g r a p h i c ,  v i s u a l  d i s p l a y s ,  o r  t o n a l  f r e -  

h 

quency-coded v s .  speech-coded a u d i t o r y  s i g n a l s ) .  For  cases i n  

which i n f o r m a t i o n  moda l i ty  o r  form is o p t i o n a l ,  t h e  e x p e r t  c a n  

b e  u s e f u l l y  p robed  r e g a r d i n g  p o s s i b l e  p r e f e r e n c e s  and t h e  r e a s o n s  

f o r  them. 

b. Mental  o p e r a t i o n s  ( computa t ions ,  a n a l y s e s ,  judgments )  r e q u i r e d  

t o  comple te  t h e  a c t i v i t y .  .Much of t h e  l o g i c a l - l y  o r  t h e o r e t i c a l l y  

n e c e s s a r y  m e n t a l  o p e r a t i o n s  u n d e r l y i n g  t h e  per formance  of complex 

c o g n i t i v e  t a s k s  are i n a c c e s s a b l e  t o  awareness  ( E r i c s s o n  & Simon, 

1980). However, many a r e ,  p a r t i c u l a r l y  t h o s e  t h a t  a r e  e s p e c i a l l y  

demanding of a t t e n t i o n ,  r e f l e c t  c o n s c i o u s  computa t ions ,  o r  i n v o l v e  

r o t e  ( check  l i s t )  p rocedures .  E f f o r t s  unde r t aken  t o  r e t r i e v e  t h e  

e x p e r t ' s  u n d e r s t a n d i n g  of t h e  menta l  o p e r a t i o n s  n e c e s s a r y  t o  

comple te  s p e c i f i e d  a c t i v i t i e s  a r e  e f f o r t s  w e l l  s p e n t .  When 

combined w i t h  p r i n c i p l e d  a n a l y s e s  d e s c r i b e d  i n  l a t e r  s e c t i o n s  of  

t h e  r e p o r t ,  t h i s  i n f o r m a t i o n  c a n  p r o v i d e  v a l u a b l e  h i n t s  abou t  t h e  
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menta l  models used by the e x p e r t ,  and t h e r e f o r e  t h e  most e f f e c t i v e  

way t o  p r e s e n t  i n fo rma t ion .  

c. Ac t ion  r e q u i r e d  t o  complete  t h e  a c t i v i t y .  Of t h e  43 s c e n a r i o  

r e l a t e d  p i l o t i n g  t a s k s  i d e n t i f i e d  by Honeywell ,  28 t a s k s  r e q u i r e d  

some s o r t  of o v e r t  a c t i o n ;  e i t h e r  manual o r  v o c a l .  The 15 t a s k s  

t h a t  r e q u i r e  no o v e r t  a c t i o n  e n t a i l  t h e  mon i to r ing  of i n f o r -  

m a t i o n a l  s o u r c e s  e x t e r n a l  o r  i n t e r n a l  t o  t h e  c r a f t .  The p o s s i -  

b i l i t y  e x i s t s  t h a t  t h i s  m o n i t o r i n g  w i l l  uncover  d a t a  r e q u i r i n g  

o v e r t  a c t i o n ;  however, i n  such  cases t h e  c a l l  f o r  a c t i o n  e n t a i l s  

a s e p a r a t e l y  d e f i n e d  t a s k .  Of t h o s e  28  t a s k s  r e q u i r i n g  o v e r t  

a c t i o n ,  some are locked i n t o  a p a r t i c u l a r  r e sponse  m o d a l i t y  ( a s  

i n  f l i g h t  c o n t r o l  t a s k s ) ,  whereas  o t h e r s  e x h i b i t  some f l e x i b i l i t y  

i n  t h e  r e sponse  assignment  t h e y  c a n  a c c e p t  ( a s  i n  s e n s o r  s e l e c t i o n  

o r  t a r g e t  hand-of f ) .  Where o p t i o n s  e x i s t ,  t h e  e x p e r t  shou ld  be 

probed  r e g a r d i n g  h i s  p e r s p e c t i v e  on t h e  r e l a t ive  a d v a n t a g e s  and 

d i s a d v a n t a g e s  of each  o p t i o n .  Here, as i n  t h e  case of i n f o r m a t i o n  

d i s p l a y  o p t i o n a l i t y ,  an u n d e r s t a n d i n g  of  t h e  l o c u s  and e x t e n t  of 

o u t p u t  o p t i o n a l i t y  should  have  i m p o r t a n t  i m p l i c a t i o n s  f o r  sys t em 

d e s i g n  c o n s t r a i n t s  and o p p o r t u n i t i e s .  

d.  Once t h e  i n f o r m a t i o n  o u t l i n e d  above  h a s  been  o b t a i n e d  f o r  a l l  

p i l o t i n g  a c t i v i t i e s  a s s o c i a t e d  w i t h i n  t h e  s c e n a r i o s  under  ana ly -  

s is ,  p r o b e s  can  be d i r e c t e d  toward  i d e n t i f i e d  i n s t a n c e s  of t a s k  

concur rency .  The fo l lowing  p r o b e s  w i l l  be of use  i n  d e f i n i n g  t h e  

p r o c e s s i n g  demands and i m p l i c a t i o n s  of each  n-wise t a s k  c u r r e n c y :  

1. A r e  t h e r e  unique  q u a l i t i e s  of  i n f o r m a t i o n  a c q u i s i t i o n s ,  men- 
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t a l  o D e r a t i o n s .  o r  a c t i o n s  f o r  t a s k  A t h a t  a r e  s p e c i a l  t o  

t h e  f a c t  t h a t  i t  is p a i r e d  w i t h  t a s k  B? For i n s t a n c e ,  a r e  

t h e  perceptual/cognitive/action demands of e x t e r n a l  ob- 

s e r v a t i o n ,  damage a s s e s s m e n t ,  TMD check ,  o r  TMD u p d a t e  d i f f -  

e r e n t  i n  NOE f l i g h t  t h a n  i n  c o n t o u r  c ru i se?  How s p e c i f i c a l l y  

do t h e  demands d i f f e r ?  

2 .  What i s  t h e  a p p r o p r i a t e  s t a t e g y  f o r  t r e a t i n g  t h e  demands of 

each  i d e n t i f i e d  concurrency?  That  i s ,  which a c t i v i t y  h a s  

t h e  h i g h e r  p r i o r i t y ?  Are t h e  t a s k s  sequenced o r  shou ld  t h e  

p i l o t  a t t e m p t  t o  c a r r y  them o u t  s i m u l t a n e o u s l y ?  Under t h e  

c o n d i t i o n s  s p e c i f i e d  i n  t h e  s c e n a r i o ,  c a n  comple t ion  of 

e i t h e r  o r  b o t h  t a s k s  be d e l a y e d ,  and i f  s o ,  f o r  how long?  

3. For e a c h  concur rency ,  how c o u l d  p i l o t  performance be degrad-  

e d  r e l a t i v e  t o  s i t u a t i o n s  i n  which t h e  component tasks o r  

a c t i v i t i e s  a r e  c a r r i e d  o u t  i n  i s o l a t i o n ?  For  example,  d o e s  

t h e  p o s s i b i l i t y  i n c r e a s e  under  c o n c u r r e n t  c o n d i t i o n s :  

( a )  t h a t  t h e  cue  s i g n a l i n g  t a s k  A (o r  B) w i l l - b e  mis sed  o r  

d e t e c t e d  w i t h  u n a c c e p t a b l e  d e l a y ;  

( b )  t h a t  t h e  t o t a l  p r o c e s s i n g  demands of a l l  n c o n c u r r e n t  

t a s k s  canno t  be comple ted  w i t h i n  a c c e p t a b l e  t i m e  l i m i t s ;  

( c )  t h a t  performance d e a d l i n e s  w i l l  f o r c e  incomple t e  pe rcep -  

t u a l  o r  c o g n i t i v e  a n a l y s i s  l e a d i n g  t o  i n c o r r e c t  o r  

i m p r e c i s e  a c t i o n ;  o r  

( d )  t h a t  performance on one o r  b o t h  t a s k s  w i l l  be deg raded  

by c r o s s - t a l k  w i t h i n  r e s p o n s e  m o d a l i t i e s  o r  c ross -masking  

w i t h i n  senso ry  m o d a l i t i e s ?  
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For each  concur rency ,  what a r e  t h e  p o t e n t i a l  consequences  of  

t h e  performance d e g r a d a t i o n s  d e s c r i b e d  i n  ( 3 )  above f o r  

m i s s i o n  accomplishment? For  example,  how i m p o r t a n t  i s  i t  t o  

e n s u r e  t h a t  d e g r a d a t i o n  i s  minimized o r  e l i m i n a t e d ?  

Two summary comments a r e  i n  o r d e r  r e g a r d i n g  t h e  r e l a t i o n s h i p  between t h e  

e l i c i t a t i o n  p rocedure  o u t l i n e d  above and t h o s e  c a r r i e d  o u t  i n  t h e  Honeywell 

and P e r c e p t r o n i c s  a n a l y s e s .  F i r s t ,  Bio-Dynamics' s u g g e s t e d  p rocedure  w i l l  

produce r e l a t i v e l y  g r e a t e r  d e t a i l  on p e r c e i v e d  t a s k  c h a r a c t e r i s t i c s  and 

demands i n  a d d i t i o n  t o  t h e  e x p e r t ' s  s t r a t e g i c  r e a c t i o n s  t o  t h e s e .  T h i s  

added d e t a i l  shou ld  enhance t h e  a n a l y s t ' s  a b i l i t y  a t  l a t e r  s t a g e s  t o  

i d e n t i f y  and map r e l e v a n t  p s y c h o l o g i c a l  p r i n c i p l e s  i n t o  t h e  workload 

problem domain w i t h i n  t h e  LHX. Second, t h e  Bio-Dynamics e l i c i t a t i o n  proce-  

d u r e  does  n o t  s e e k  t o  e x t r a c t  from e x p e r t s  a numer i ca l  judgment of t h e  

workload demands of s p e c i f i c  t a s k s  ( a s  i n  Honeywell)  o r  t a s k  c o n c u r r e n c i e s  

( a s  i n  P e r c e p t r o n i c s ) .  For  r e a s o n s  e l a b o r a t e d  above ,  q u a n t i t a t i v e  judg-  

ments  of t h i s  s o r t  have  q u e s t i o n a b l e  v a l i d i t y  under  t h e  s p e c i a l  circum- 

s t a n c e s  s u r r o u n d i n g  t h e  LHX system. R a t h e r ,  t h e  recommended approach  i s  

t o  s e e k  from s k i l l e d  p i l o t s  q u a l i t a t i v e  i n f o r m a t i o n  p e r t a i n i n g  t o  t a s k s  
.. . 

and demands and t o  use  t h i s  i n f o r m a t i o n  t o  g u i d e  o r  form hypo theses  u s e f u l  

i n  subsequent  a n a l y s e s .  The f o l l o w i n g  s e c t i o n s  w i l l  d i s c u s s  t h e s e  a n a l y s e s .  

3 . 2  S t e p  2 :  P r i n c i p l e d  a n a l y s i s  of c r e w  workload  problems posed  by t h e  LHX 

sys t ems /mis s ion .  

A t  t h e  c o n c l u s i o n  of S t e p  1, the  a n a l y s t  w i l l  have a v a i l a b l e :  

a. a s u b s t a n t i a l  amount of i n f o r m a t i o n  r e g a r d i n g  t h e  f u n c t i o n a l  

q u a l i t i e s  of t h e  LHX s y s t e m  u n d e r s t o o d  a t  t h e  t i m e  t h e  a n a l y s i s  
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i s  conduc ted ;  

b. t h e  i n f o r m a t i o n  p r o c e s s i n g  demands p o t e n t i a t e d  by t h e  s y s t e m  

m i s s i o n  on i t s  c r e w ;  and 

c. t h e  s t r a t e g i c  i m p l i c a t i o n s  of t h e s e  a s  p e r c e i v e d  by e x p e r t s  know- 

l e d g a b l e  i n  t h e  p i l o t i n g  of o t h e r  a t t a c k  h e l i c o p t e r  sys t ems .  

The u l t i m a t e  a i m  of t h e  S t e p  2 a n a l y s i s  i s  t o  i s o l a t e  p r i n c i p l e s  a v a i l a b l e  

i n  t h e  l i t e r a t u r e s  of c o g n i t i v e  and human performance psychology t h a t  a r e  

r e l e v a n t  t o  t h e  p o t e n t i a l  workload problem f a c e d  by t h e  LHX p i l o t  ( a s  

r e v e a l e d  i n  t h e  i n f o r m a t i o n  gene ra t ed  a t  S t e p  11, and t o  u s e  t h e s e  p r i n -  

c i p l e s  t o  make recommendations on LHX i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  

d e s i g n  and au tomat ion .  

However, t h e  mapping of  p r i n c i p l e s  i n t o  t h e  LHX p i l o t  workload  problem w i l l  

be c h a l l e n g i n g .  Two examples  i l l u s t r a t e  t h e  complex i ty  of t h e  problem. 

I n  d i s c u s s i n g  t h e  r e l a t i v e  merits of a u d i t o r y  and v i s u a l  forms of i n f o r -  

ma t ion  p r e s e n t a t i o n ,  Deatherage  (1972)  s t a t e d  a number of recommendat ions 

which i n  f a c t  r e f l e c t  e s t a b l i s h e d  p r i n c i p l e s .  H e  recommended t h a t  ( a )  i f  

t h e  message i s  s i m p l e ,  u se  a u d i t o r y  p r e s e n t a t i o n ,  and i f  compiex,  u s e  

v i s u a l  p r e s e n t a t i o n ;  ( b )  i f  t h e  message i s  s h o r t ,  us.e a u d i t o r y  p re sen -  

t a t i o n ,  and i f  Long, u s e  v i s u a l  p r e s e n t a t i o n ;  and ( c )  i f  t h e  v i s u a l  sys t em 

i s  over-burdened,  u s e  a u d i t o r y  p r e s e n t a t i o n ,  and i f  t h e  r e c e i v i n g  l o c a t i o n  

i s  a c o u s t i c a l l y  n o i s y ,  u se  v i s u a l  p r e s e n t a t i o n .  While v a l i d  as g e n e r a l  

o b s e r v a t i o n s ,  of what p r a c t i c a l  v a l u e  are  such p r i n c i p l e - b a s e d  recommen- 

d a t i o n s  i n  any  g i v e n  d e s i g n  s i t u a t i o n ?  How do r e s e a r c h e r s  know a p r i o r i  

t h a t  a message i s  s u f f i c i e n t l y  " s h o r t "  o r  "s imple"  t o  conc lude  i n  f a v o r  

of a u d i t o r y  p r e s e n t a t i o n s ?  How do a n a l y s t s  know a p r i o r i  whether  t h e  
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v i s u a l  sys tem i s  s u f f i c i e n t l y  ove r loaded  t o  conclude  i n  f a v o r  of a u d i t o r y  

p r e s e n t a t i o n ?  A d d i t i o n a l l y ,  many, pe rhaps  most,  d e s i g n  commitments r e f l e c t  

u n c e r t a i n  t r a d e - o f f s .  For example,  suppose  t h e  a c o u s t i c  envi ronment  i n  

which messages a r e  r e c e i v e d  i s  n o i s y ,  b u t  messages a r e  s h o r t ,  o r  s i m p l e .  

How can  t h e  d e s i g n e r  d e c i d e  a p r i o r i  between v i s u a l  and a u d i t o r y  p re sen -  

t a t i o n  o r  between unimodal and bimodal p r e s e n t a t i o n ?  The problem a r i s e s  

t h a t  even i f  what i s  meant by a "s imple"  message c o u l d  be s t a t e d  more 

p r e c i s e l y ,  t h e r e  are o f t e n  no d a t a  o r  o t h e r  v a l i d  b a s e s  f o r  d e c i d i n g  how 

t h i s  v a r i a b l e  i n t e r a c t s  o r  t r a d e s - o f f  w i t h  o t h e r  f a c t o r s  o p e r a t i v e  i n  a 

r e a l  system. 

Given t h e s e  d i f f i c u l t i e s  and o t h e r s  of s i m i l a r  k i n d ,  any type  of 

" p r i n c i p l e d "  a n a l y s i s  of workload and workload  min imiza t ion  m u s t  be v a l i -  

d a t e d  by e m p i r i c a l  means. More s p e c i f i c a l l y ,  it can  be e x p e c t e d  t h a t  a n  

a n a l y s i s  of t h e  k i n d  proposed  w i l l  y i e l d  d e s i g n  arguments  of v a r y i n g  f o r c e .  

Some w i l l  have s t r o n g  and d i r e c t  s u p p o r t  i n  t h e  r e s e a r c h  l i t e r a t u r e ,  o t h e r s  

w i l l  be hypo theses  t h a t  must be v e r i f i e d  by e m p i r i c a l  t e s t .  The e m p i r i c a l  

v a l i d a t i o n  i s s u e  w i l l  be d i s c u s s e d  i n  S t e p s  3 ,  4 ,  6 and 7. 

.. . 

3 . 2 . 1  Conceptual  framework € o r  a n a l y s i s  

The i n t e n t  i n  t h i s  s e c t i o n  i s  t o  d e s c r i b e  a g e n e r a l  c o n c e p t u a l  framework 

for o r g a n i z i n g  and a p p l y i n g  c o g n i t i v e  p r i n c i p l e  t o  t h e  LHX problem. 

Because t h i s  framework c o n s t i t u t e s  a se t  of  g e n e r a l  t h e o r e t i c a l  c l a i m s  

about  t h e  n a t u r e  of t h e  human i n f o r m a t i o n  p r o c e s s i n g  s y s t e m ,  it w i l l  

g e n e r a t e  some c o n t r o v e r s y .  The framework,  which may be though t  of a s  a 

c o g n i t i v e  s y s t e m s  approach ,  beg ins  w i t h  t h e  f o l l o w i n g  g e n e r a l  c l a i m s :  

1. The f l o w  of i n f o r m a t i o n  between s t i m u l u s  and r e sponse  i s  through a se t  
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of c o g n i t i v e  sub-systems whose c o n s t i t u t i o n  is  de te rmined  by t h e  modal- 

i t y  of i n p u t ,  t h e  m o d a l i t y  of o u t p u t ,  and t h e  n a t u r e  of t h e  t r ans fo rma-  

t i o n s  r e q u i r e d  t o  map i n p u t  i n t o  o u t p u t  (Wickens,  Mountford and 

S c h r e i n e r ,  1981). 

2. Use of a l i m i t e d  c a p a c i t y  subsys tem ( a t t e n t i o n )  i s  r e q u i r e d  t o  se lec t  

s p e c i f i c  s t i m u l i  as b a s e s  f o r  a c t i o n  and t o  o r g a n i z e  and c a r r y  o u t  

t r a n s f o r m a t i o n s  u n d e r l y i n g  the  mapping of s t i m u l i  i n t o  a c t i o n s .  The 

a t t e n t i o n a l  subsystem f u n c t i o n s  i n  a manner ana logous  t o  a s p o t l i g h t  

(Laberge ,  1973) ,  which c a n  be d i r e c t e d  t o  d i f f e r e n t i a l l y  f a c i l i t a t e  

o r  t o  e n a b l e  p r o c e s s i n g  a c t i v i t y  w i t h i n  s p e c i f i c  subsystem pathways.  

3 .  Decrements i n  per formance  under  d u a l  t a s k ,  r e l a t i v e  t o  s ing . le  t a s k ,  

c o n d i t i o n s  c a n  r e s u l t  from e i t h e r  of two c e n t r a l  e v e n t s :  ( a )  s t r u c -  

t u r a l  ( o r  p r o c e s s i n g )  i n t e r f e r e n c e  w i t h i n  subsys tems,  o c c u r r i n g  when 

two t a s k s  create s imul t aneous  p a t t e r n s  of a c t i v a t i o n  w i t h i n  one o r  

more common subsys tems (Navon, 1984); a n d / o r  ( b )  s i m u l t a n e o u s  demand 

f o r  t h e  l i m i t e d  c a p a c i t y  a t t e n t i o n a l  subsystem. 

.. . 

4 .  Decrements i n  per formance  under  d u a l ,  r e l a t i v e  t o  s i n g l e  t a s k  cond i -  

t i o n s ,  a l s o  c a n  r e s u l t  from e i t h e r  of  a t  l eas t  two classes of p e r i -  

p h e r a l  e v e n t s :  

a. s e n s o r y  masking,  i n  which p r o c e s s e s  a t  o r  v e r y  n e a r  t h e  r e c e p t o r  

s u r f a c e  are  s i m u l t a n e o u s l y  a c t i v a t e d  by s t i m u l i  from t h e  two 

d i f f e r e n t  t a s k s ,  y i e l d i n g  a c o n f l u e n c e  of a c t i v i t y  t h a t  may be  

d i f f i c u l t  o r  imposs ib l e  t o  a n a l y z e  i n t o  i t s  s e p a r a t e  c o n s t i t u e n t s ;  

and 

b. i n  t h e  case of v i s i o n  ( a  d i r e c t i o n a l  s e n s o r y  sys t em w i t h  s t e e p  
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s p a t i a l  a c u i t y  g r a d i e n t s ) ,  decrements  w i l l  r e s u l t  when a c q u i s i t i o n  

of t h e  s t i m u l u s  f o r  one t a s k  r e q u i r e s  a r e t i n a l  o r i e n t a t i o n  t h a t  

p r e v e n t s  a c q u i s i t i o n  of o r  r educes  a c u i t y  f o r  t h e  s t i m u l u s  of t h e  

o t h e r  t a s k .  

A s  a s i m p l i f y i n g  assumpt ion ,  a t t e n t i o n a l  u t i l i z a t i o n  i s  t r e a t e d  

as an  a l l - o r - n o t h i n g ,  r a t h e r  t h a n  d i v i s i b l e ,  p r o c e s s .  The a t t e n -  

t i o n a l  mechanism i s  c o n s t r u e d  a s  a s o u r c e  of a c t i v a t i o n  which,  

when a p p l i e d  t o  a l r e a d y  a c t i v e  n e u r a l  c o d e s ,  ( e .g . ,  t h o s e  d r i v e n  

by e x t e r n a l  s t i m u l i ) ,  w i l l  boos t  t h e i r  e x c i t a t o r y  o u t p u t s  t o  

a s s o c i a t e d  ‘Idown stream” codes  ( e . g . ,  motor  programs) ,  t h e r e b y  

i n c r e a s i n g  t h e  p r o b a b i l i t y  t h e  l a t t e r  w i l l  be  t r i g g e r e d .  The 

a s sumpt ion  t h a t  a t t e n t i o n a l  u t i l i z a t i o n  i s  a l l - o r - n o t h i n g  means 

t h a t  t h e  a t t e n t i o n a l  mechanism, l i k e -  a s p o t l i g h t ,  may be d i r e c t e d  

t o  one ,  and on ly  one ,  code a t  a g i v e n  i n s t a n t  i n  t i m e  b o o s t i n g  

a c t i v i t y  l e v e l s  f o r  t h a t  code and t o  a g raded  degree  a l l  codes  

which,  by p r i o r  l e a r n i n g ,  are l i n k e d  t o  it. 

3 .2 .2  The i d e n t i f i c a t i o n  and a p p l i c a t i o n  of  c o g n i t i v e  human per formance  f o r  

t h e  d e s i g n  of LHX/pilot  i n t e r f a c e s  

. .  . 

The examples  g i v e n  above i l l u s t r a t e  and frame some of t h e  k i n d s  of work- 

l o a d - r e l a t e d  problems which might p r o f i t a b l y  be a d d r e s s e d  through c a r e f u l  

a p p l i c a t i o n  of p r i n c i p l e s  drawn from c o g n i t i v e  and human performance 

psychology.  I n  t h i s  s e c t i o n  p r i n c i p l e s  - u s e f u l  f o r  LHX/pilot  i n t e r f a c e  

d e s i g n  w i l l  be  i l l u s t r a t e d .  The p r i n c i p l e s  d i s c u s s e d  c o n s t i t u t e  on ly  a 

s m a l l  p o r t i o n  of t h o s e  t h a t  w i l l  p rove  r e l e v a n t  t o  t h e  problem. The 

development  of a more comple te  l i s t i n g  a w a i t s  r e s e a r c h  e x t e n d i n g  beyond 

t h e  scope  of t h e  c u r r e n t  s tudy .  
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Reducing a t t e n t i o n a l  dwe l l  t i m e .  One c l a s s  of p r i n c i p l e s ,  whose r e l e v a n c e  

s u r f a c e d  i n  t h e  m a t e r i a l  p re sen ted  i n  t h e  p r e c e d i n g  s e c t i o n ,  c o n c e r n s  

means by which t h e  d u r a t i o n  of t he  a t t e n t i o n a l  demand imposed by p i l o t i n g  

t a s k s  i n  t h e  LHX can  be minimized. A l l  e l se  b e i n g  e q u a l ,  t h e  less  t h e  

a t t e n t i o n a l  ( o r  c o n t r o l l e d )  p r o c e s s i n g  time demanded by a t a s k ,  t h e  more 

q u i c k l y  t h e  a t t e n t i o n a l  mechanism w i l l  be f r e e  t o  s e r v i c e  t h e  demands of 

o t h e r  demanding t a s k s .  S t imulus - r e sponse  (S-R)  c o m p a t i b i l i t y ,  t h e  

f a m i l i a r i t y  o f  " n a t u r a l n e s s "  of t h e  s t imu lus - r e sponse  mapping imposed, i s  

a major  d e t e r m i n a n t  of t h e  t o t a l  a t t e n t i o n a l  dwe l l  t i m e  r e q u i r e d  by a t a s k .  

A s  a g e n e r a l  r u l e ,  t h e  h i g h e r  t he  c o m p a t i b i l i t y  between s t i m u l i  and t h e i r  

a s s o c i a t e d  r e s p o n s e s ,  t h e  s h o r t e r  t h e  c e n t r a l  p r o c e s s i n g  t i m e  r e q u i r e d  t o  

e f f e c t  t h e  S-R mapping. The pro longed  p r o c e s s i n g  t i m e  obse rved  under  

c o n d i t i o n s  of low c o m p a t i b i l i t y  i s  o f t e n  i n t e r p r e t e d  as  t h e  r e s u l t  of com- 

p e t i n g  r e s p o n s e  t e n d e n c i e s ;  t h a t  i s ,  c o m p e t i t i o n  between r e q u i r e d  r e s p o n s e s  

and i n c l i n a t i o n s  t o  i n i t i a t e  more f a m i l i a r  ( b u t  now i n a p p r o p r i a t e )  

r e s p o n s e s .  Human f a c t o r s  and human performance p s y c h o l o g i s t s  (e .g . ,  F i t t s  

and S e e g e r ,  1953;  L o v e l e s s ,  1963; V i d u l i c h  and Wickens,  1982)  have  summar- 

i z e d  a number of p r i n c i p l e s  p e r t a i n i n g  t o  S-R c o m p a t i b i l i t y ,  i n c l u d e d  among 

them are  the  f o l l o w i n g :  .. . 

1. S p a t i a l  co r re spondence  between s t i m u l i  and a s s o c i a t e d  l o c i  of 

a c t i o n .  The p r i n c i p l e  i s  t h a t  t h e  a r rangement  of s t i m u l i  i n  s p a c e  

s h o u l d  c o r r e s p o n d  t o  the  s p a t i a l  a r rangement  of  t h e  a c t i o n s  

r e q u i r e d  by them. This  p r i n c i p l e  r e f l e c t s  what a p p e a r s  t o  be a 

v e r y  b a s i c  tendency  t o  move toward a s o u r c e  of v i s u a l  s t i m u l a t i o n  

(Simon, 1969) ,  and t o  r e spond  more r a p i d l y  and a c c u r a t e l y  when 

t h e  s p a t i a l  arrangement  ( l e f t - r i g h t ,  top-bot tom)  of r e s p o n s e s  
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cor re spond  t o  t h o s e  of s t i m u l i ,  even when s t i m u l i  and a c t i o n  l o c i  

are  w e l l  s e p a r a t e d  i n  space .  ( C o t t o n ,  Tzeng & Hardyck, 1980; 

H a r t z e l l ,  Dunbar, Bever idge  & C o r t i l l a ,  1982) .  A c lass ic  demon- 

s t r a t i o n  of t h e  b e h a v i o r i a l  e f f e c t s  of s p a t i a l  c o m p a t i b i l i t y  w i t h  

complex a r r a y s  w a s  r e p o r t e d  by F i t t s  and Seege r  (1953) .  The s t u d y  

u t i l i z e d  e i g h t  s t i m u l i  and e i g h t  r e s p o n s e s ,  bu t  a s  i l l u s t r a t e d  

i n  F igu re  1,  t h e  s t i m u l i  and r e s p o n s e s  w e r e  of v a r y i n g  forms.  

S t imulus  s e t  A c o n s i s t e d  of a c i r c l e  of  8 l i g h t s ,  any one of which 

cou ld  i l l u m i n a t e  on a g iven  t r i a l .  S e t  B had f o u r  l i g h t s  a r r a n g e d  

as a diamond. Any one  l i g h t  c o u l d  come on ( f o u r  a l t e r n a t i v e s )  

o r  any a d j a c e n t  p a i r  cou ld  come on ( f o u r  more a l t e r n a t i v e s ) .  S e t  

C a l s o  had f o u r  l i g h t s ,  two i n  a h o r i z o n t a l  l i n e  and two i n  a 

ve r t i ca l  l i n e .  Any of t h e  f o u r  l i g h t s  c o u l d  come on a l o n e  o r  any  

of t h e  f o u r  combina t ions  of one h o r i z o n t a l  and one v e r t i c a l  l i g h t  

cou ld  come on. There  were a l s o  t h r e e  r e sponse  sets .  S u b j e c t s  h e l d  

one s t y l u s  f o r  se ts  A and B ,  and two s t y l u s e s  f o r  se t  C .  The 

s t y l u s e s  w e r e  moved a long  t r a c k s  as i n d i c a t e d  i n  t h e  f i g u r e .  I n  

set  C,  s u b j e c t s  e i t h e r  moved one o r  two s t y l u s e s  on a t r i a l  

depending on whether  one o r  two l i g h t s  i l l umina ted . .  - T h e  key  

f i n d i n g  i s  t h a t  r e a c t i o n  t imes and accu racy  are  de te rmined  by t h e  

r e l a t i o n s h i p  between s t i m u l u s  and r e s p o n s e  se t s ,  r a t h e r  t h a n  by 

s t i m u l u s  o r  r e s p o n s e  s e t s  p e r  se. The more compa t ib l e  t h e  s p a t i a l  

r e l a t i o n s  between s t i m u l i  and r e s p o n s e s ,  t h e  b e t t e r  t h e  o b t a i n e d  

performance.  The magnitude of t h e  s p a t i a l  c o m p a t i b i l i t y  e f f e c t s  

r e p o r t e d  i n  l a b o r a t o r y  ( F i t t s  and Seege r ,  1953)  and a p p l i e d  

s e t t i n g s  ( H a r t z e l l ,  e t  a l ,  1982) ,  and t h e  f a c t  t h a t  under  s tress,  

h i g h e r  compa t ib l e  b u t  i n c o r r e c t  r e s p o n s e s  can  r e p l a c e  less  com- 

p a t i b l e  but  c o r r e c t  ones ,  p o i n t s  t o  t h e  ex t reme impor tance  of t h i s  
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f a c t o r  i n  t h e  l a y o u t  of t h e  LHX i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e .  

2. C o m p a t i b i l i t y  as p o p u l a t i o n  s t e r e o t y p e .  While S-R c o m p a t i b i l i t y  

by s p a t i a l  cor respondence  a p p e a r s  t o  be pre-programmed i n t o  t h e  

nervous  s y s t e m ,  o t h e r  k inds  of c o m p a t i b i l i t y  a p p e a r  t o  be more 

a f u n c t i o n  of e x p e r i e n c e ,  a s  i n d i c a t e d  by t h e i r  c u l t u r a l  depen- 

dence.  Th i s  t ype  of p r e f e r r e d  S-R c o r r e s p o n d e n c e  i s  c a l l e d  a popu- 

l a t i o n  s t e r e o t y p e .  S e v e r a l  forms of p o p u l a t i o n  s t e r e o t y p y  have 

been  i d e n t i f i e d .  

A. Display  c o n t r o l  s t e r e o t y p y .  L o v e l e s s  (1963) h a s  summarized 

f i n d i n g s  on t h e  n a t u r e  of p o p u l a t i o n  s t e r e o t y p e s  i n  d i s p l a y -  

c o n t r o l  r e l a t i o n s ,  g e n e r a t i n g  s e v e r a l  p r i n c i p l e s  of p o t e n t i a l  

r e l e v a n c e  t o  t h e  p r e s e n t  problem. 

1. Clockwise s t e r e o t y p e .  The re  i s  a b a s i c  tendency  t o  

r o t a t e  a d i a l  c l o c k w i s e  i n  o r d e r  t o  create a change i n  

t h e  s t a t e  of  an a s s o c i a t e d  d i s p l a y  v a r i a b l e .  

.. . 

2. Clockwise- to- increase  s t e r e o t y p e .  A s t e r e o t y p e  e x i s t s  

t o  r o t a t e  a d i a l  c l o c k w i s e  o r  move a l i n e a r l y  moveable 

i n d i c a t o r  t o  t h e  r i g h t  o r  upwards t o  i n c r e a s e  t h e  v a l u e  

on a d i s p l a y .  

3 .  Proximi ty  of movement s t e r e o t y p e .  With any r o t a r y  con- 

t r o l ,  t h e  a r c  of t h e  r o t a t i n g  e lement  t h a t  i s  n e a r e s t  

t o  t h e  moving i n d i c a t o r  s h o u l d  move i n  t h e  same d i r e c t i o n  

as t h e  i n d i c a t o r .  Thus,  f o r  i n s t a n c e ,  a r o t a r y  c o n t r o l  
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l o c a t e d  benea th  a h o r i z o n t a l  l i n e a r  d i s p l a y  s h o u l d  be 

r o t a t e d  c lockwise  t o  produce  a r i g h t w a r d  d i sp lacemen t  

of t h e  d i s p l a y e d  i n d i c a t o r .  

4 .  Congruence s t e r e o t y p e .  L i n e a r  movements of d i s p l a y s  and 

c o n t r o l s  should be a l o n g  t h e  same a x i s  and i n  t h e  same 

d i r e c t i o n .  R o t a t i o n a l  movements of d i s p l a y s  and c o n t r o l s  

s h o u l d  be i n  the  same d i r e c t i o n .  

B. V e r b a l - p i c t o r i a l  s t e r e o t y p y .  Smith (1981) r e p o r t s  t h e  

r e s u l t s  of a q u e s t i o n n a i r e  s t u d y  i n v e s t i g a t i n g  p o p u l a t i o n  

and g r o u p  ( e n g i n e e r s ,  women, and Human F a c t o r s  S o c i e t y  

members) p r e f e r e n c e s  r e g a r d i n g  t h e  r e l a t i o n s h i p  between 

p i c t u r e s  and d e s c r i p t i v e  words o r  p h r a s e s .  The method and 

r e s u l t s  of t h i s  demons t r a t ion  s t u d y  a r e  of g r e a t  r e l e v a n c e  

t o  t h e  LHX problem f o r  b o t h  t h e  s e l e c t i o n  of v o i c e  i n t e r a c -  

t i v e  and r a d i o  communication phase  s t r u c t u r e s ,  and t h e  d e s i g n  

of v i s u a l  symbology. Some examples  drawn from t h e  Smi th  ques- 

t i o n n a i r e  a re  as fo l lows :  .. . 

1. Q u e s t i o n  3 :  F l y i n g  i n  a n  a i r c r a f t  c o c k p i t ,  t h e  c o - p i l o t  

s a y s  "Lef t  wing down." How shou ld  t h e  p i l o t  a c t  t o  

change h i s  r o l l  p o s i t i o n ?  

Lower the  l e f t  wing? 

Ra i se  t h e  r i g h t  wing? 
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2. A p i c t u r e  is  shown d e p i c t i n g  a r e f r i g e r a t o r  w i t h  i t s  door  

open. The door is  h inged  on t h e  r i g h t ,  f a c i n g  t h e  

r e f r i g e r a t o r .  Ques t ion  7: Here i s  a r e f r i g e r a t o r .  Is  

i t s  door  

L e f t  opening? 

R igh t  opening? 

3 .  ( A  p i c t u r e  i s  shown of a r i v e r  e x t e n d i n g  from r i g h t  t o  

l e f t  w i t h  arrows i n d i c a t i n g  a l e f t - t o - r i g h t  c u r r e n t  f l ow 

On t h e  upper  s i d e  of t h e  r i v e r  i n  t h e  drawing  i s  a 

c h u r c h . )  Ques t ion  11: Here i s  a r i v e r  f l o w i n g  from East 

t o  West. Is t h e  church  on t h e  

L e f t  bank? 

R igh t  bank? 

4 .  (A  s q u a r e  i s  shown) Ques t ion  15: An add ing  machine i s  

d e s i g n e d  t o  be o p e r a t e d  w i t h  one hand.  On t h e  pane t o  

t h e  l e f t  draw i n  how you c o n s i d e r  i t s  keys- s h o u l d  be  

p o s i t i o n e d  f o r  t h e  10 numera ls .  

The r e s u l t s  of t h e  q u e s t i o n n a i r e  showed t h a t  f o r  some k i n d s  of 

q u e s t i o n s  (e.g. ,  number 15 )  h i g h  l e v e l s  of agreement  a p p e a r  

a c r o s s  p o p u l a t i o n  sub-groups,  whereas  w i t h  o t h e r  q u e s t i o n s  (num- 

b e r  3 )  low agreement  e x i s t s  between o r  a c r o s s  sub-groups.  While  

it is  n o t  c u r r e n t l y  p o s s i b l e  t o  make b road  s t a t e m e n t s  of p r i n -  

c i p l e  r e g a r d i n g  c u l t u r a l  s t e r e o t y p y  f o r  v e r b a l - p i c t o r i a l  rela- 

t i o n s ,  t h e  k i n d s  of  r e s u l t s  o b t a i n e d  by Smith i n d i c a t e  t h e  d e s i r -  
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a b i l i t y  of e m p i r i c a l l y  e v a l u a t i n g  t h e  i s s u e  w i t h  r e s p e c t  t o  

s p e c i f i c  s y s t e m s  i n t e r f a c e s  and use r .  p o p u l a t i o n s .  

3.  C o m p a t i b i l i t y  of i npu t -ou tpu t  m o d a l i t y .  Sometime ago  B r a i n a r d ,  

I r b y ,  F i t t s ,  and A l l u k i  (1962)  r e p o r t e d  t h a t  r e a c t i o n  t i m e  t o  a 

v i s u a l  s t i m u l u s  i s  f a s t e r  when t h e  r e sponse  i s  manual r a t h e r  t h a n  

v o c a l ,  b u t  when t h e  s t i m u l u s  i s  an  a u d i t o r y  symbol,  a v o c a l  

i d e n t i f i c a t i o n  r e sponse  i s  q u i c k e r  t h a n  one t h a t  i s  manual .  T h i s  

b a s i c  r e l a t i o n  -- t h e  h ighe r  c o m p a t i b i l i t y  of a u d i t o r y - v o c a l  and 

v isua l -manual  o v e r  audi tory-manual  and v i s u a l - v o c a l  mappings -- 

t e n d s  t o  h o l d  up a c r o s s  a v a r i e t y  of c o n d i t i o n s  ( T e i c h n e r  and  

Krebs,  1974) ;  Hawkins and Rodr iguez ,  1981) .  It  a p p e a r s  t h a t  when 

t h e  f e e d b a c k  produced by a r e sponse  i s  i n  t h e  same s e n s o r y  

m o d a l i t y  as  t h e  s t i m u l u s  g i v i n g  r i s e  t o  t h e  r e s p o n s e ,  t h e  S-R 

mapping; c a n  be carried o u t  r e l a t i v e l y  more q u i c k l y  t h a n  o t h e r w i s e  

( c . f . ,  Greenwald and Schulman, 1973) .  

4. T r a n s f o r m a t i o n a l  complexi ty  as  a t t e n t i o n a l  demand. Numerous f ac -  
.. . 

t o r s  i n f l u e n c e  t h e  complexi ty  of t h e  i n f o r m a t i o n  t r a n s f o r m a t  on 

r e q u i r e d  between s t i m u l i  and r e s p o n s e s .  Indeed ,  S-R c o m p a t i b i l -  

i t y  s h o u l d  be viewed as one sub-c l a s s  of such f a c t o r s .  Another  

i m p o r t a n t  s u b - c l a s s  c o n s i s t s  of t h e  i n f o r m a t i o n a l  p r o p e r t i e s  f o r  

t h e  t a s k ,  e .g . ,  t h e  number and r e l a t i v e  f r e q u e n c i e s  of a l t e r n a t i v e  

S-R c o r r e s p o n d e n c e s  and t h e  e x t e n t  t o  which s e q u e n t i a l  depen- 

d e n c i e s  e x i s t  among s t i m u l i  (Hyman, 1963) .  A p a r t i c u l a r l y  

i m p o r t a n t  set  of f a c t o r s  r e l a t e s  t o  t h e  deg ree  t o  which t h e  

meaning ( env i ronmen ta l  r e f e r e n t )  of a s i g n a l  c a n  be  i n t e r p r e t e d  

w i t h o u t  e x t e n s i v e  t r a n s f o r m a t i o n .  I n  g e n e r a l ,  t h e  more d i r e c t  

. 
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t h e  r e l a t i o n  between a s i g n a l  and i t s  env i ronmen ta l  r e f e r e n t ,  t h e  

more r a p i d l y  i t  w i l l  be  i n t e r p r e t e d .  For  example,  t h e  speed  and 

accu racy  of an i n d i v i d u a l ' s  i n t e r p r e t a t i o n  of an a u d i t o r y  a l a r m  

s i g n a l ,  p a r t i c u l a r l y  under c o n d i t i o n s  of s t ress ,  w i l l  be  h i g h e r  

i f  t h e  s i g n a l  i s  a word o r  word p h r a s e  r a t h e r  t h a n  a t o n e ,  hum, 

o r  chime of a p a r t i c u l a r  f r e q u e n c y ,  a m p l i t u d e ,  o r  p e r i o d i c i t y .  

5 .  I n c r e a s i n g  t h e  speed  and p r o b a b i l i t y  of  s i g n a l  d e t e c t i o n .  A second 

c r i t i c a l  de te rminan t  of per formance  a p p a r e n t  i n  F i g u r e  1 i s  t h e  speed  

and p r o b a b i l i t y  w i t h  which c r i t i c a l  ( a c t i o n  demanding) s i g n a l s  are  

d e t e c t e d .  The f a s t e r  t h e  d e t e c t i o n  of  a c r i t i c a l  s t i m u l u s ,  t h e  g r e a t e r  

w i l l  be t h e  l i k e l i h o o d  t h a t  t h e  s t i m u l u s  w i l l  be ana lyzed  and a c t e d  

upon, b o t h  a c c u r a t e l y  and p r i o r  t o  p o s s i b l e  r e sponse  d e a d l i n e s .  E x p e r t  

e l i c i t a t i o n  i s  a v a l u a b l e  sou rce  of i n f o r m a t i o n  on which t o  b a s e  d e s i g n  

s t ra teg ies  aimed a t  maximizing t h e  speed  w i t h  which c r i t i c a l  s i g n a l s  

are  enhanced.  Data such  as t h o s e  summarized i n  F i g u r e s  l a  and l b ,  

r e v e a l  where s t i m u l u s  c o n c u r r e n c i e s  are a p t  t o  appea r  i n  t h e  LHX 

sys t em/miss ion ,  and t h u s ,  w h e r e  s p e c i a l  a t t e n t i o n  m u s t  be g i v e n  t o  t h e  

problems of s i g n a l  d e t e c t i o n  unde r  p e r c e p t u a l  ove r load .  
.. . 

For pu rpose  of i l l u s t r a t i o n ,  c o n s i d e r  t h e  problem of t i m e l y  and 

accurate d e t e c t i o n  of c r i t i c a l  v i s u a l  c u e s .  The demands of modern 

m i l i t a r y  a v i a t i o n  impose a s u b s t a n t i a l  l oad  on t h e  p i l o t ' s  v i s u a l  

s y s t e m ,  pe rhaps  a t  o r  n e a r  t h e  p o i n t  of s a t u r a t i o n .  The v i s u a l  i n f o r -  

ma t ion  p r o c e s s i n g  demands of NOE f l i g h t  i n  t h e  LHX a r e  even more a c u t e ,  

i n v o l v i n g  on an ongoing b a s i s :  

1. t h e  d e t e c t i o n  and a n a l y s i s  of e n v i r o n m e n t a l  f a c t o r s  r e l e v a n t  t o  
1 

p a t h  s e l e c t i o n  ( o b s t a c l e s ,  backdrops ,  l o c a t i o n  of f r i e n d l y  c r a f t ,  

. 
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I 
surface covering, and the like); 

2. the detection and analysis of potential targetslground threats; 

3 .  the frequent assessment of information contained on head-down 

displays such as the terrain map display and the multi-function 

CRT display. 

Under these conditions, the loci of potentially critical visual information 

extend across a range far exceeding the spatial limits of the visual 

system's effective sensitivity. An important first step in the analysis 

of the problems posed here is to conduct expert elicitation to determine 

the nature, priority, and spatial origins of potentially critical visual 

information; the likelihood of possible concurrencies among signals 

containing this information; and possible sequential dependencies among 

signals. These "link-analytic" data, combined with other information such 

as whether or not signals of a particular type or  origin can be registered 

electronically; the anticipated visual and auditory complexity of the 

pilot's environment; and the nature of signals to which the system is 

already committed; can serve to guide decisions about issues such as the 

following: .. . 

a. Whether to enhance signal detectability by electronic means; 

b. Whether to employ visual, auditory or tactile modality as the 

channel through which the detection-enhancing signal is trans- 

mitted to the pilot; 

c. Where to locate various head-down displays relative to the pilot's 

he ad-up 1 ine-o f -s i gh t ; 

d. Where to locate signal enhancing symbology within the head-up 

display ; 
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e. How much redundancy t o  i n c l u d e  i n  s i g n a l i n g  s y s t e m s  f o r  h i g h l y  

c r i t i c a l  i n f o r m a t i o n ;  and 

f .  The n a t u r e  of t h e  e l e c t r o n i c a l l y  g e n e r a t e d  s i g n a l  (word,  p h r a s e ,  

t o n e ,  ho rn ,  buzze r  o r  b e l l ) .  

I n  summary, t h e  o b j e c t i v e  of t h e  second s t e p  of t h e  recommended p r o c e d u r e  

i s  t o  i d e n t i f y  p r i n c i p l e s  and a n a l y t i c  methods i n  t h e  l i t e r a t u r e  of cogn i -  

t i o n  and human per formance  t h a t  a r e  r e l e v a n t  t o  t h e  workload problem a n t i -  

c i p a t e d  f o r  t h e  LHX p i l o t ,  and t o  a p p l y  t h e s e  t o  t h e  c o n c e p t u a l i z a t i o n  of 

a b a s e l i n e  a v i o n i c s f d i s p l a y  and c o n t r o l  s u i t e  f o r  t h e  system. The a t t e m p t  

i n  t h i s  s e c t i o n  of t h e  r e p o r t  has been  t o  o f f e r  a g e n e r a l  t h e o r e t i c a l  

framework and t o  i l l u s t r a t e  p r i n c i p l e s  and a n a l y t i c  me thodo log ie s  of t h e  

t y p e s  t h a t  can  emerge from t h e  more i n t e n s i v e  r e s e a r c h  e f f o r t  p roposed .  

3 . 3  S t e p  3:  Development of low-cost,  low o r  mixed f i d e l i t y  s i m u l a t i o n s  

A s  no ted  e a r l i e r ,  t h e  c u r r e n t  s t a t e  of  knowledge i n  c o g n i t i o n  and human 

per formance  d o e s  n o t  p e r m i t  unequivoca l  c o n c l u s i o n s  r e g a r d i n g  a l l  even  

most d e s i g n  f e a t u r e s  of complex man-machine i n t e r f a c e s .  While much i s  

known about  t h e  d e t e r m i n a n t s  of per formance  o v e r a l l ,  a v a i l a b l e  psycho- 

l o g i c a l  p r i n c i p l e s  c a n  be  ex tended  t o  touch  o n l y  a p o r t i o n  of t h e  problem. 

The e f f e c t s  of v a r i a b l e s  i n  i s o l a t i o n  a r e  unde r s tood ,  b u t  less  i s  under- 

s t o o d  about  how v a r i a b l e s  combine. I n  p a r t i c u l a r ,  t h e  d e t a i l s  of how 

c o n f l i c t i n g  v a r i a b l e s  t r ade -o f f  w i t h  one a n o t h e r  a r e  n o t  y e t  known. 

For  t h e s e  r e a s o n s ,  t h e  a n a l y s i s  c a r r i e d  o u t  a t  S t e p  2 w i l l  p roduce  

q u e s t i o n s  n e a r l y  a s  o f t e n  as answers .  However, t h e  proposed  methodology 

s h o u l d  produce  q u e s t i o n s  t h a t  a r e  w e l l  d e f i n e d ,  c o n t a i n e d ,  and e m p i r i c a l l y  

r e s o l v a b l e ,  o f t e n  i n  t h e  form: i s  A mode ( o r  form) of s i g n a l  p r e s e n t a t i o n  
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b e t t e r  t h a n  B i n  t h e  c o n t e x t  of modera t ing  v a r i a b l e s  C and D ?  A might be 

v i s u a l ,  B a u d i t o r y ,  C an  a c o u s t i c  envi ronment  w i t h  s p e c i f i e d  p a r a m e t e r s ,  

and D a v i s u a l  envi ronment  w i t h  s p e c i f i e d  pa rame te r s .  

The o b j e c t i v e  of S t e p  3 would be t o  produce  low-cost compute r i zed  s i m u l a -  

t i o n s  of t h e  a l t e r n a t i v e  s o l u t i o n s  s u g g e s t e d  a s  p l a u s i b l e  by t h e  a n a l y s i s  

c a r r i e d  o u t  i n  S t e p  2. These s i m u l a t i o n s  c a n  be r e l a t i v e l y  low i n  c o s t  

i f  t h e y  c a n  be  d e s i g n e d  t o  c o n t a i n  s imulacre  of o n l y  a s m a l l  p o r t i o n  of 

t h e  LHX sys t em ( i n  t h e  i n s r a n c e  above ,  o n l y  A, B ,  C and D ,  which i n  p r i n -  

c i p l e  whol ly  d e f i n e  t h e  s e t  of r e l e v a n t  f a c t o r s ) .  Of c o u r s e  t h e y  must a l s o  

c o n t a i n  t h e  c a p a c i t y  t o  s c o r e  t a s k  pe r fo rmances  a l o n g  d imens ions  t h a t  by 

common s e n s e  o r  p r i n c i p l e  are most r e l e v a n t  t o  t h e  t a s k ( s )  i nvo lved .  It  

shou ld  b e  a p p a r e n t  t h a t  t h e  t o t a l  number of s i m u l a t i o n s  r e q u i r e d  by t h i s  

a n a l y s i s  may be f a i r l y  l a r g e .  

3.4 S t e p  4 :  T e s t i n g  on  low-cost s i m u l a t i o n s  

The o b j e c t i v e  of S t e p  4 i s  t o  compare e m p i r i c a l l y  t h e  a l t e r n a t i v e s  i d e n t i -  

f i e d  a t  S t e p  2 and m a n i f e s t e d  i n  t h e  s i m u l a t i o n s  deve loped  a t  S t e p  3 .  The 

r e s u l t s  of t h i s  compar ison  w i l l  be an  i d e n t i f i e d  set of i n f o r m a t i o n  p resen -  

t a t i o n  and c o n t r o l  modes/forms y i e l d i n g  t h e  most e f f e c t i v e  s i n g l e  and con- 

c u r r e n t  t a s k  per formance  ( a s  d e f i n e d  by t h e  s i n g l e  and d u a l  t a s k  p e r f o r -  

.. . 

mance c r i t e r i a  s p e c i f i e d  a t  S t e p s  1 and 2 )  among t h o s e  a l t e r n a t i v e s  cons id -  

e r e d .  Thus,  t h e  a rguments  t o  be made from d a t a  t a k e n  a t  S t e p  4 a re  r e l a -  

t i v e :  t h a t  i s ,  t h e y  are of t h e  form,  "performance on t a s k  combina t ion  A 

and B i s  b e t t e r  when t a s k  A i n f o r m a t i o n  i s  p r e s e n t e d  i n  mode X a s  opposed 

t o  Y o r  Z". However, s i n c e  t h e  s i m u l a t i o n s  producing  t h e s e  r e su l t s  w i l l  

n o t  be h i g h  i n  f i d e l i t y ,  it would be i n a p p r o p r i a t e  t o  draw c o n c l u s i o n s  
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about  a b s o l u t e  l e v e l s  of performance.  Accord ing ly ,  i t  would be i n a p p r o -  

p r i a t e  t o  conclude  from t h e  resu l t s  of S t e p  4 t h a t  a p a r t i c u l a r  f u n c t i o n  

ought  t o  be automated because  t h e  f u n c t i o n  is  t o o  h i g h l y  d i s r u p t i v e  of p e r -  

formance on '  f u n c t i o n s  ( t a s k s )  c o n c u r r e n t  w i t h  i t .  T h i s  l a t t e r  i s s u e  w i l l  

be a d d r e s s e d  i n  S t e p s  5, 6 ,  and 7. 

3.5 - S t e p  5: C o n f i g u r a t i o n  of  h i g h  f i d e l i t y  s i m u l a t i o n  

The o b j e c t i v e  of S t e p  5 i s  t o  implement t h e  opt ima,  s o l u t i o n s  i d e n t i f i e d  

a t  S t e p  4 a s  components i n  a h i g h - f i d e l i t y  s i m u l a t i o n  t h a t  c a n  be used  f o r  

e v a l u a t i o n  of au tomat ion  needs  w i t h i n  t h e  LHX s y s t e m .  The a s sumpt ion  un- 

d e r l y i n g  t h i s  s t e p  i s  t h a t  n e i t h e r  s u b j e c t i v e  judgments  drawn from p i l o t s  

whose e x p e r i e n c e  i s  i n  h e l i c o p t e r s  sys tems o t h e r  t h a n  t h e  LHX, n o r  a n a l y -  

s i s  based on t h e  a p p l i c a t i o n  of p s y c h o l o g i c a l  p r i n c i p l e s  t o  judgmen ta l  d a t a  

e l i c i t e d  from e x p e r t  p i l o t s ,  seems s u f f i c i e n t  a p r i o r i  t o  produce  sound 

d e c i s i o n s  r e g a r d i n g  au tomat ion .  To t h e  c o n t r a r y ,  t h e  most v a l i d  p r o c e d u r e s  

f o r  de t e rmin ing  which LHX p i l o t  f u n c t i o n s  t o  au tomate  are  t h o s e  based  on 

a n a l y s i s  of  t h e  per formance  and s u b j e c t i v e  judgments  of p i l o t s  f u n c t i o n i n g  

w i t h i n  an  implemented sys tem whose workload demands s i m u l a t e  t h o s e  a n t i c i -  

p a t e d  w i t h i n  t h e  LHX . 
.. . 

3.6 S t e p  6: Performance t e s t i n g  i n  b a s e l i n e  LHX s i m u l a t o r  

The i n f o r m a t i o n  d i s p l a y / c o n t r o l  s u i t e  of t h e  s i m u l a t o r  c o n f i g u r e d  a t  S t e p  

5 w i l l  be  a b a s e l i n e  s u i t e  i n  t h e  s e n s e  t h a t  i t  w i l l  c o n t a i n  no au tomated  

p i l o t  f u n c t i o n s .  The o b j e c t i v e  of S t e p  6 i s  t o  conduct  per formance  t e s t i n g  

w i t h  s k i l l e d  p i l o t s  t o  g a t h e r  per formance  d a t a  and e x p e r t  judgments  t h a t  

c a n  be used  t o  g u i d e  d e c i s i o n s  on au tomat ion .  I f  s k i l l e d  h e l i c o p t e r  

p i l o t s ,  t r a i n e d  on t h e  b a s e l i n e  s i m u l a t o r ,  f a i l  t o  pe r fo rm t h e  c o n s t i t u e n t s  

of  a se t  of c o n c u r r e n t  t a s k s  w i t h i n  s p e c i f i e d  t o l e r a n c e s ,  t h e n  some 

46 



3 . 7  

member(s) of  t h e  c o n c u r r e n t  s e t  should  be c o n s i d e r e d  f o r  au tomat ion .  

S t e p  7: M o d i f i c a t i o n  and r e - e v a l u a t i o n  of t h e  LHX s i m u l a t o r  

Based on per formance  d a t a  and p i l o t  a s s e s s m e n t s  from S t e p  6 and on techno-  

l o g i c a l  f e a s i b i l i t y ,  c e r t a i n  p i l o t  f u n c t i o n s  i n  t h e  b a s e l i n e  s i m u l a t o r  w i l l  

be  "automated"; t h a t  i s ,  t h e i r  au tomat ion  w i l l  be s i m u l a t e d .  S k i l l e d  

p i l o t s  w i l l  t h e n  be t e s t e d  on t h e  up-graded s i m u l a t o r  t o  de t e rmine  whe the r  

o r  no t  t h e  au tomat ion  e n a b l e s  d e s i r e d  l e v e l s  of per formance .  Based on t h e  

r e s u l t s  of t h i s  e v a l u a t i o n ,  f u r t h e r  sys tem t u n i n g  w i l l  be c a r r i e d  o u t  as 

n e c e s s a r y .  

4.0 Conc lus ion  

Bio-Dynamics b e l i e v e s  t h a t  t h e  seven  s t e p  program o u t l i n e d  i n  t h e  p r e c e d i n g  

s e c t i o n  o f f e r s  a v i a b l e ,  c o s t - e f f e c t i v e  means t o  a d d r e s s  t h r e e  c r i t i c a l  

LHX-re la  t e d  i s  s u e s  : 

a )  t h e  e x t e n t  and n a t u r e  of p i l o t  p o t e n t i a l  workload demands imposed 
.. . 

under  f e a s i b l e  a l t e r n a t i v e  i n f o r m a t i o n  d i s p l a y / c o n t r o l  s o l u t i o n s  

w i t h i n  t h e  LHX sys tem;  

b) t h e  f e a s i b i l i t y  of a s i n g l e  p i l o t  s o l u t i o n  t o  t h e  LHX c rewing  

i s s u e ;  and 

c )  t h e  n e c e s s i t y  and n a t u r e  of f u n c t i o n  au tomat ion  w i t h i n  one and 

two c r e w  s o l u t i o n s .  

The f i r s t  f i v e  s t e p s  of t h e  proposed  program can  be comple ted  w i t h i n  one 

and a h a l f  years by a s i n g l e  c o n t r a c t o r  w i t h  c o n t i n u o u s  a c c e s s  t o  a small  

I 
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number of e x p e r i e n c e d  a t t a c k  h e l i c o p t e r  p i l o t s ,  and computer  s y s t e m s  

programmers c a p a b l e  of deve lop ing  t h e  low-cost s i m u l a t i o n s  d e s c r i b e d  i n  

S t e p s  2 and 3 .  Comple t ion  t i m e  f o r  S t e p s  6 and 7 w i l l  b e  c o n t i n g e n t  upon 

t h e  development and a c c e s s i b i l i t y  of h i g h  f i d e l i t y  LHX s i m u l a t o r s .  
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